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Abstract 
The potential of high pressure processing (HPP) to alter the physical and chemical 
properties of milk proteins with and without the presence of gelatin was investigated. 
Viscosity increase was observed in mixtures of skim milk (15 or 20%, w/w) and 
gelatin (0.6% w/w) following HPP at 300 MPa for 15 min at room temperature due to the 
formation of milk protein aggregates and gelatin associations, whereas HPP at 600 MPa 
resulted in a decline in viscosity attributed to disruption of polymeric interactions. Direct 
association between milk protein and gelatin was weak as confirmed by viscosity 
measurements on pressure treated mixtures in the vicinity of the gelatin melting 
temperature. Fourier transform infrared spectra showed that the intensities of Amide I and 
Amide II bands of the pressure treated mixtures were lower than the untreated mixtures 
suggesting a disruption in the C–O and N–H bonding, possibly due to the formation of 
intermolecular hydrogen bonds. 
Results were further refined by focusing on whey protein isolate (WPI) with 
concentration ranging from 5 to 20% (w/w) in the presence of gelatin (5% w/w). HPP at 600 
MPa for 15 min and 5 or 30 °C (initial sample temperature) could develop unique rheological 
and structural properties of biopolymeric gels, which were different from those produced 
through conventional thermal treatment. The values of storage modulus (G’) in high 
pressure treated mixed gels were below those for the thermally treated counterparts at 80 
°C. When WPI-gelatin solutions (initial temperature 30 °C) were subjected to HPP, they 
yielded higher G’ than the HPP treated WPI-gelatin cold-set gels (initial temperature 5 °C). 
The former system provides free volume for WPI to self associate in the polymeric matrix, as 
compared to the low temperature gel. Both pressurised systems displayed gelatin continuity 
in the binary mixture, which was the opposite of that in thermally treated preparations. 
Elucidation of the macromolecular properties of high pressure treated materials, 
allowed us to investigate attributes of dairy samples leading closer to a product concept. 
When HPP is combined with thermal processing, it can induce chemical reactions different 
from conventional thermal processing. The effect of high pressure thermal processing 
(HPTP), in the range of 100−140 °C and 0.1−600 MPa up to 60 min, on the colour change 
(from white to caramel brown) and the proteolysis of reconstituted skim milk (10% w/w) 
was investigated. Kinetic measurements displayed an acceleration of both reactions with 
viii 
 
increasing temperature and pressure. Colour change reached its maximum at 400 MPa 
where most of the milk proteins formed coagulates leaving the remaining serum nearly 
translucent. Within the observed HPTP conditions, kinetics of an apparent reduction in free 
amino acids implied an accelerated sugar conjugation with milk proteins/peptides with 
increasing temperature at constant pressure whereas increasing pressure at constant 
temperature decelerated the conjugation. 
To further explore the effect of HPTP on dairy systems, gas chromatography analysis 
was carried out on skim milk subjected to HPTP. Forty five volatile compounds were 
identified, with their concentrations being changed upon temperature and/or pressure 
variation following distinct trends. Principal component analysis (PCA) was performed, 
which resulted in the separation of skim milk treated under the influence of high pressure 
(200–600 MPa, 100–130 °C, up to 60 min) from skim milk heated at ambient pressure. 
Heated skim milk was characterised by high amounts of furfural and pyrazine whereas skim 
milk undergone HPTP was characterised by nonanal, 2-furanmethanol and 2-pentanone. 
In summary, HPP can manipulate the structure and molecular interactions of 
biopolymers leading to a unique rheological profile. The technique can also influence 
chemical reactions occurring to a different extent than those induced by conventional heat 
treatment. Mathematical models can be developed to describe the colour change and 
proteolysis in skim milk as affected by pressure and temperature. Clearly, the nutritional 
and health aspects of the resultant peptides merit further investigation in relation to 
bioactivity. Similarly, further studies are required to entirely comprehend the molecular 
mechanism behind the generation of volatile Maillard-compounds under the influence of 
high pressure. The present work alongside recommended future research is expected to 
further the development of HPP in milk and dairy-based food products. 
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Introduction 
Application of high pressures in food preservation was firstly reported by Hite (1899) 
for preventing milk from ‘souring’. Since the early 1990s research on high pressure 
processing (HPP) has been intensively carried out to inactivate microorganism in other food 
matrices, e.g., fruits, vegetables, deli meats, and seafood. Enzyme inactivation using HPP, 
the next challenge, has been investigated mainly for fruit and vegetable based products 
(Bermúdez-Aguirre & Barbosa-Cánovas, 2011). HPP of foods is normally carried out at 
pressures of 200–800 MPa for 5 s to 5 min at room temperature (Bermúdez-Aguirre & 
Barbosa-Cánovas, 2011; Cheftel, 1995; Heinz & Buckow, 2010). 
HPP can disrupt hydrogen bonds but often leaves the covalent bonds unchanged; 
thus minimising changes of small molecules such as amino acids, vitamins, fragrance, and 
flavours, which are key components of the sensory and nutritional quality of foods. In 
contrast, polymeric molecules (e.g., proteins and polysaccharides) may change during HPP. 
Oligomeric proteins experiences dissociation-association whereas globular proteins undergo 
unfolding, denaturation, and aggregation under the influence of high pressure (Balci & 
Wilbey, 1999). Starch, the mostly studied polysaccharide in the HPP domain, gelatinises 
during HPP with altered gelanitisation properties (e.g., temperature and enthalpy) 
compared to those of thermal treatment (Kim, Kim, & Baik, 2012). As biopolymer mixtures 
are often present and play a big role in the textural properties in foods, the application of 
HPP on such mixtures to develop novel food products has been attracting the attention of 
researchers in the past two decades (Devi, Buckow, Hemar, & Kasapis, 2012). 
One of the big challenges in maintaining food safety and stability during post-
processing storage of food is the germination, outgrowth, and proliferation of bacterial 
spores. Unlike vegetative cells, bacterial spores possess higher resistance to temperature 
and pressure. Amongst the possible strategies to eliminate bacterial spores, the one-step 
combined high pressure and thermal processing is the most studied (Heinz & Buckow, 
2010), with special attention for low acid food products using pressures in the range of 
600−800 MPa and iniWal temperatures of 60 to 90 °C. Due to adiabatic heating, water 
initially at 90 °C will experience a temperature increase of approximately 5.3 °C every 100 
xxiv 
 
MPa whereas systems containing fat or solid particles will gain greater temperature increase 
(Bermúdez-Aguirre & Barbosa-Cánovas, 2011). 
High pressure thermal processing (HPTP) uses high temperature which affects both 
hydrogen and covalent bonds. HPTP may induce biochemical changes of foods different 
from conventional thermal processing (Segovia Bravo et al., 2012). Moreover, systems 
containing amino acids and reducing sugars are prone to undergo Maillard reaction, 
affecting the flavour, taste, and colour of food products prepared using HPTP. Limited 
studies addressed the effect of HPTP on Maillard reactions in foods with special attention on 
production of acrylamide, 5-hydroxymethylfurfural, flavour, and melanoidins (Jaeger, 
Janositz, & Knorr, 2010; Segovia Bravo et al., 2012); amongst them milk is the least studied 
(Vazquez-Landaverde, Torres, & Qian, 2006). 
The rationale of this thesis is to develop fundamental understanding on effect of HPP 
on physical and chemical properties of biopolymer mixtures, in order to tailor novel food 
products. More specifically, HPP is exploited for structural modification of milk protein in 
the presence of gelatin and to obtain predictive models on the chemical changes of skim 
milk during HPTP. 
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Thesis Outline 
This thesis describes the altered physicochemical properties of dairy based systems 
under the influence of high pressure. 
A thorough literature review on high pressure processing (HPP) for structuring dairy 
systems is presented as Chapter 1. The reviewed systems include model systems, with and 
without the presence of stabilisers (i.e., gelatin and polysaccharides), and dairy products 
(i.e., yoghurt, cheese, and ice cream). 
A second literature review which highlights the chemical changes in milk during high 
pressure thermal processing (HPTP) is presented as Chapter 2. 
Chapter 3 provides the information on materials used in this PhD study. Principals of 
instruments which were used to treat the studied samples and to perform analysis are 
included. 
Chapter 4 highlights the changes in apparent viscosities of skim milk (5−20% w/w) 
and gelatin (0.6% w/w) mixtures following HPP (0.1−600 MPa, 15 min, room temperature). 
The effect of initial temperatures (5 and 30 °C) during HPP (600 MPa, 15 min) on the 
gelation of whey protein (WPI 5−20% w/w) and gelaWn (5% w/w) mixtures is explained in 
Chapter 5. 
The investigation of colour change and proteolysis of reconstituted skim milk (10% 
w/w) during HPTP at 100−140 °C and 0.1−600 MPa up to 60 min is explained in Chapter 6. 
Altered volatile profiles of skim milk were obtained during HPTP (100−140 °C, 
0.1−600 MPa, up to 60 min) . The primary compounds which resulted in the deviation of the 
volatile profile were revealed in Chapter 7. 
To sum up, general conclusions of the preceding chapters and proposed future work 
are given in Chapter 8. 
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Abstract 
This review highlights the current knowledge on gelation of hydrocolloids induced by 
high pressure processing (HPP) of dairy products. Pressure-induced gelation of single 
systems (casein rich, whey protein rich, gelatin, and polysaccharide solutions) as well as 
rheological and thermo-mechanical effect of HPP on mixture systems are discussed. The 
mechanism of dairy protein gelation under pressure, their properties, and microstructure, 
and potential application of HPP to improve physical properties of dairy products (cheese, 
yoghurt, and ice cream) are included. HPP is a promising tool for future manufacturing of 
structured dairy products with unique sensorial properties. 
 
Keywords: gelation, high pressure, dairy protein, gelatin, polysaccharide, food structure 
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1.1. Introduction 
1.1.1. Food Gels 
Food gels, according to their constructing materials, are classified as either protein 
gels or polysaccharide gels. Proteins are an essential part in the human diet as they provide 
essential amino acids and sometimes carry organic minerals. Their ability to form gels makes 
them ideal to impart structure and texture in foods (Renard, van de Velde, & Visschers, 
2006). Proteins also contribute to colour and flavour developments in foods. 
Polysaccharides can provide soluble dietary fibres in our diet. The amount of 
polysaccharides required to form gels is five to ten fold lower than that of proteins (Renard 
et al., 2006). Polysaccharide gels can withstand a wide temperature range of food 
processing; for example, starch-based fat replacers are added in fat-free bakery goods, meat 
products, and confections (Drewnowski, 1990). Protein gels, on the other hand, are 
vulnerable to syneresis and precipitation (Renard et al., 2006). Incorporation of proteins in 
foods can be a challenge because they tend to aggregate at high temperature; whereas they 
should imitate the morphology of fat crystals to give creaminess (Kasapis, 2009). Thus, 
protein-based fat replacers, such as microparticulated proteins, are usually used in products 
which will not be subjected to further cooking, such as ice cream, margarine, and salad 
dressings (Drewnoski, 1990). However, in practice, combinations of two or more fat 
mimetics from two different hydrocolloid groups (i.e., proteins and polysaccharides) are 
used to replace fat with fine palatability (Chronakis & Kasapis, 1995). 
1.1.2. Gels, Gelations, and Mixed Systems 
Gels are systems with the following characteristics: (a) they are composed of a solid 
dissolved or dispersed in a solvent, (b) they are coherent, meaning both solid and solvent 
phases of a gel should spread persistently and are interconnected throughout the whole 
system, and (c) they act as a solid under mechanical forces (Morris, 2007). From a 
rheological viewpoint, a gel exhibits both solid-like and liquid-like rheological properties, 
with an elastic modulus (G’) higher than the viscous modulus (G”), throughout the probing 
frequency range. A gel also must show a plateau of G’, in the order between 102 Pa and108 
Pa, with a lower value of G” (Almdal, Dyre, Hvidt, & Kramer, 1993). 
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A gelation process is simply defined as a phase transition from sol to gel in which the 
linkage between the macromolecules is growing from finite to infinity (Djabourov, 1991). 
When thickening instead of gelation occurs, the resultant system should be categorised as 
structured or viscoelastic liquid (Clark & Ross-Murphy, 2009). Gelation can be manipulated 
during food processing to tailor physical properties of gels, i.e., texture, water-holding, and 
appearance (Morris, 2007). 
Rheological investigations are focused on proteins and polysaccharides because they 
are always present in food products and contribute to texture and mouthfeel. Therefore, 
they are suitable components to model food systems, which are more complex. In addition, 
combination of two or more polymers is a way usually taken for generating gels with 
improved properties (Morris, 2007). Another approach to change gel properties is by 
changing the gel formation process. The latter substantially affects the morphology of mixed 
gels and, therefore, can dictate the final properties (Walkenström & Hermansson, 1997b). 
1.1.3. High Pressure Processing for Texturing Foods 
The effect of high pressure on protein unfolding, denaturation, and aggregation was 
extensively summarised by Boonyaratanakornkit, Park, and Clark (2002) whereas gelling 
mechanism of starch under pressure was reviewed for example by Knorr, Heinz, and 
Buckow (2006) and Kim, Kim, and Baik (2012). 
HPP is not a new technology for food manufacture but so far has not been widely 
applied in the food industry. One of the first scientific reports on HPP applications for food 
was written by Hite (1899) on shelf-life extension of milk. Since then the application of HPP 
were broadened to other food products such as fruit juices and meat products (Heinz & 
Buckow, 2010). HPP technology can offer a high retention of sensory and nutritional 
attributes of food products, because the treatment can be performed near room 
temperature, while ensuring safety and stability during refrigerated storage. Therefore, final 
products with higher quality than those produced by conventional heat treatments can be 
obtained. Typically, pressures up to 800 MPa and temperatures between 5 and 40 °C are 
used in commercial applications (Heinz & Buckow 2010). 
Although HPP of food was initially developed to retain nutritional and sensorial 
aspects while ensuring safety and stability issues of perishable food products, this 
technology has attracted attention for modifying macromolecules arrangements such as 
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protein denaturation, starch gelatinisation, or other interactions between food ingredients. 
Tailoring the functional properties of food systems requires careful consideration of the 
processing variables in order to obtain the desired characteristics (Knorr et al., 2006). 
Studies on the gelation of hydrocolloid mixtures by HPP have been a growing trend 
for the last two decades (Hemar, Liu, Meunier, & Woonton, 2010). HPP offers greater 
choices of processing variables, i.e., pressure, time, temperature, and pressure release rate; 
hence, more unique properties can be obtained (Michel et al., 2001). 
For successful new product development, quantitative investigations of the resultant 
gels from rheological and microstructural perspectives are recommended. Then, the data 
should be correlated with those of panelists’ perception in a sensory study (Kasapis, 2010). 
Amongst food polymers, dairy proteins attract much attention from food scientists 
regarding their gelling behaviour as influenced by HPP. The published studies can be 
grouped into casein-rich materials (Famelart, Chapron, Piot, Brule, & Durier, 1998; Fertsch, 
Müller, & Hinrichs, 2003; Hinrichs, 2007; Keim, Kulozik, & Hinrichs, 2006; Kumeno, 
Nakahama, Honma, Makino, & Watanabe, 1993,) and whey-protein-rich materials (Famelart 
et al., 1998; Fertsch et al., 2003; Kanno, Mu, Hagiwara, Ametani, & Azuma, 1998; Lee, Clark, 
& Swanson, 2006; Ngarize, Adams, & Howell, 2005; Patel, Singh, Havea, Considine, & 
Creamer, 2005; Van Camp & Huyghebaert, 1995). A lower number of studies are available 
for the mixed systems, comprising of dairy and non-dairy matrices (Dickinson & James, 
2000; Dumay, Laligant, Zasypkin, & Cheftel, 1999; Hemar et al., 2010; Michel et al., 2001; 
Rademacher, Pentenrieder, & Kulozik, 2003; Walkenström & Hermansson, 1997b; Zasypkin, 
Dumay, & Cheftel, 1996). 
Understanding the effect of HPP on the gelation of milk proteins as single and mixed 
systems, and evaluating the full potential of this technology in dairy industries are the 
prerequisites for successful new product development. The demands of dairy products 
today are either low or fat-free products with improved physical and nutritional 
functionality and extended stability. Hence, a critical review of the current scientific 
literature on the potential of HPP for structuring dairy systems is useful for scientists and 
food industry personnel to identify comprehensive schemes and new opportunities for 
structuring dairy gels by physical means. 
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1.2. Pressure-Induced Casein Gels 
Caseins, namely αs1-, αs2-, β- and κ- caseins, are the major proteins in milk, existing 
as spherical aggregates called casein micelles. The size of the casein micelle ranges from 15 
to 600 nm in diameter. Different models for the casein micelle were proposed, where the 
casein micelle is either made of a close packing of small casein sub-micelles held together by 
the colloidal calcium phosphate (CCP) (Rollema, 1992), or rather as a homogeneous complex 
of both the caseins and the CCP (Horne, 1998; Pignon et al., 2004). However, both models 
proposed that the caseins in the micelle are held together through both hydrophobic and 
electrostatic interactions, with the surface of the micelle made mainly of κ-casein (de Kruif 
& Zhulina, 1996). Consequently, the effect of HPP on caseins is associated with the 
solubilisation of calcium (Huppertz, Kelly, & Fox, 2002). 
One of the first reports on pressure-induced gelation of milk was published by 
Kumeno et al. (1993) who treated concentrated milk of 25% total solid (approximately 5.9% 
w/w of total protein or 4.7% w/w of casein and 6.4–7.4% w/w fat) at 600 MPa for 5 min and 
5 °C (initial temperature). Pressure-induced gels, prepared from freeze-concentrated raw 
milk, were stronger and more elastic (G’ = 2.02×102 Pa and phase angle (δ) = 24.2°) than 
those from freeze-concentrated commercial milk (G’ = 1.08×102 Pa and δ = 27°). 
Reconstituted milk (25% total solid) prepared from freeze-dried and spray-dried milk 
powders did not gel after subjected to the same pressure treatment. This result suggests the 
contribution of thermal and cryogenic protein denaturation on pressure-induced gelation of 
milk proteins. Famelart et al. (1998) demonstrated that moderate pressure (400 MPa for 10 
min at 20 °C) is adequate to induce gelation of concentrated milk (6.6% w/w protein). 
Gelation of casein by HPP requires calcium and phosphate in the colloidal state and 
is not dependent on minerals in the soluble state. When these minerals are absent, i.e., in 
the case of sodium caseinate, the systems will not gel (Keenan, Young, Tier, Jones, & 
Underdown et al., 2001). Pressurisation of skim milk (3.4 % w/w of protein) does not form a 
gel; however, viscosity of skim milk increases after HPP above 200 MPa for 5 min at 5 °C 
(initial temperature) (Shibauchi , Yamamoto, & Sagara, 1992b). 
The rate and the extent of casein disruption and reassociation is not affected by the 
presence of major whey proteins (i.e., β-lactoglobulin and α-lactalbumin) (Huppertz & de 
Kruif, 2007). Caseins, particularly κ-casein and αs2-casein, form aggregates with β-
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lactoglobulin during HPP at 200 MPa and 22 °C for 30 min, and with other minor whey 
proteins at higher pressure (800 MPa) (Patel, Singh, Anema, & Creamer, 2006). In depleted 
whey protein systems, the microstructure of casein gels is arranged through non-covalent 
bonds, resulting in low firmness of casein gels. Oppositely, pressure-induced whey protein 
gels, which are formed by disulfide bonds, have greater firmness (Fertsch et al., 2003). For 
membrane filtrated milk (17% w/w protein), the disulfide bonds influence the elasticity of 
the resultant gels. Pressure-induced milk gels are different to their counterparts obtained 
from heat treatment. Gels obtained by HPP (600 MPa at 30 °C for 30 min) are less elastic (δ 
= 8.8°) and have less disulfide bonds (9%) than heat-induced (80 °C for 30 min) gels, which 
have lower phase angle (δ = 7.5°) and more disulfide bonds (22%) (Keim et al., 2006). 
The firmness of casein gels is affected by the pressure release rate; for example, 
firmness of casein gels (15% w/w protein) decreased 3.5 fold when pressure release rate 
was reduced from 600 to 20 MPa/min after HPP at 600 MPa and 30 °C for 30 min (Fertsch et 
al., 2003). Similarly, a firm casein gel with apparent homogenous microstructure was formed 
from a 7 g/100 mL casein dispersion after HPP at 600 MPa and 30 °C for 30 min using a 
pressure release rate of 600 MPa/min. A lower pressure release rate (200 MPa/min) gave 
less firm gels and no gel was obtained at a slow release rate (20 MPa/min) (Merel-Rausch, 
Kulozik, & Hinrichs, 2007). An inhomogeneous microstructure, built during slow pressure 
release, was the reason for the reduced gel hardness. A slow pressure release rate (e.g., 20 
MPa/min) allows the aggregation of non-micellar casein which leads to an inhomogeneous 
microstructure and, hence, softer gels. A fast decompression (e.g., 600 MPa/min) 
contributes to a fine microstructure; therefore, firmer gels are constructed (Fertsch et al., 
2003; Merel-Rausch et al., 2007). Pressure holding time does not seem to influence the final 
gel firmness as long as complete disruption of casein is achieved during pressurisation 
because intact casein micelles will disturb homogenous gelling (Fertsch et al., 2003). 
The pressure release rate also determines the minimum concentration of caseins 
required to form a gel (Merel-Rausch et al., 2007). Casein dispersions (pH 6.0) at various 
concentrations were subjected to 600 MPa for 30 min at 30 °C with different pressure 
release rates. A low casein concentration (6.5 g/100 mL) required fast pressure release (600 
MPa/min) to form gels. Higher casein concentrations of 8.5 g/100 mL or 13 g/100 mL were 
needed to form gels at slower release rates of 200 MPa/min or 20 MPa/min, respectively. 
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1.3. Pressure-Induced Whey Protein Gels 
The sensitivity of individual whey proteins towards pressure at neutral pH and room 
temperature is as follows: β-lactoglobulin B > β-lactoglobulin A > bovine serum albumin 
(BSA) > α-lactalbumin (Michel et al., 2001; Patel et al., 2005). β-lactoglublin denatures at 
pressure ≥200 MPa whereas α-lactalbumin requires pressure above 500 MPa to unfold. 
After 30 min pressure treatment at 800 MPa and 20 °C, whey proteins in milk denature to 
different extents: 90% of β-lactoglobulin and 30% of α-lactalbumin were denatured (Anema, 
2008). The gel formation of whey protein is mainly due to intermolecular SH/SS interchange 
reactions within unfolded β-lactoglobulin molecules, or with other whey proteins containing 
disulfide bonds and available cysteine residues, and even, with κ-casein and αs2-casein. The 
disulfide bond formation is enhanced at and above neutral pH. Pressure release brings back 
a part of the hydrophobic association because this association is limited by the disulfide 
bonding network (Funtenberger, Dumay, & Cheftel, 1995; Galazka, Sumner, & Ledward, 
1996; Patel et al., 2005). The network building is accompanied by phase separation where 
protein aggregates are no longer compatible with the solvent and split into concentrated 
and dilute phases (He & Ruan, 2009). 
At neutral pH, β-lactoglobulin molecules start to denature and start to form 
aggregates at 200 MPa and 25 °C for 30 min, whereas a remarkable aggregation occurs at ≥ 
400 MPa (Dickinson & James, 2000). Pressure-induced aggregation of β-lactoglobulin at 800 
MPa and 23 °C for 20 min was also reported by Galazka et al. (1996), which confirmed the 
reduction of free cysteine residues per molecule of protein. 
1.3.1. Pressure-Induced Gels from Whey Protein Isolate or Concentrate 
The lowest pressure, able to induce gelation of whey protein isolate (WPI) is 250 
MPa (at 25 °C). The gelation time of WPI solution (20% w/w, pH 7.0) at that particular 
condition is about 185 min (He & Ruan, 2009). The gelation time can be reduced by 
increasing the concentration of WPI in solution. He and Ruan (2009) suggested that 
increasing WPI concentration in solution to 28% w/w can reduce the gelation time to 
approximately 20 min. 
The minimum WPI concentration to form gels under pressure is 10%w/w (Kanno et 
al., 1998). Dilute WPI solutions (1–8% w/w) did not even gel after HPP at 1000 MPa and 30 
°C for 10 min. However, WPI solution at 10% w/w formed gels after treatment at 600 MPa. 
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Lower pressure was sufficient to induce gelation of higher concentrated WPI solution, i.e., 
400 MPa for 12% w/w WPI. 
The firmness of WPI gels is greatly affected by the degree of denaturation and is 
linked to the amount of disulfide bonds, which stabilise the microstructure of the pressure-
induced whey gels. Longer holding time (i.e., 30 min) at 600 MPa and 30 °C gave higher 
firmness than HPP for only 15 min as more disulfide bonds were formed and less non-
covalent bonds were left (Fertsch et al., 2003). When the degree of denaturation of WPI is 
above 40%, δ below 45° is observed, indicating the transition from sol to gel. However, 
remarkable changes in textural properties will be achieved when the degree of denaturation 
is above 80% which can be obtained by applying higher pressures, longer pressure holding 
times, or higher treatment temperatures. The percentages of individual whey proteins 
remaining in their native states following HPP of 12% w/w WPI solutions at different 
temperatures are given in Figure 1-1. Increasing the treatment temperature from 25 to 40 
°C significantly increases the denaturation of whey proteins, particularly when the applied 
pressure is ≥400 MPa (Michel et al., 2001). α-lactalbumin, the most pressure resistant of 
whey proteins, also undergoes a remarkable denaturation when pressure (≥400 MPa) is held 
at 40 °C. 
 
Figure 1-1. Effect of HPP on individual whey protein in WPI solution 12% w/w as a function 
of pressure and temperature. Experiments were conducted at 25 °C (A) and 40 °C (B), for 10 
min. The proteins were α-lactalbumin (), bovine serum albumin (), β-lactoglobulin-A 
(), and β-lactoglobulin-B () (redrawn from Michel et al., 2001). 
The minimum amount of whey proteins for pressure-induced gelation is higher for 
whey protein concentrate (WPC) than for WPI because its lactose acts as a baroprotective 
agent (Kanno et al., 1998). The minimum concentration for creating gels is 12% w/v (with 
815 g/kg of total protein) WPC solution at pH 6.65 when 800 MPa and 22 °C for 120 min are 
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applied. Under these intense HPP conditions at least 90% of proteins are denatured and/or 
polymerised (Patel et al., 2005). In comparison, WPI at 10% w/v (pH 6.8) requires lower 
pressure and exceptionally shorter treatment time (600 MPa and 30 °C for 10 min) to form a 
gel. Moderate pressure (400 MPa and 30 °C for 10 min) is adequate to induce gelation of 
WPC solutions if the concentration is 18–20% w/v (Kanno et al. 1998). 
Hardness/firmness is a parameter which is used to compare whey protein gels. 
Hardness was determined as the force required by a probe to penetrate the gels to a 
particular depth (Lee et al., 2006). The same principle was applied by Fertsch et al. (2003) in 
examining their gels, however the measured force was named as firmness. Meanwhile, van 
Camp et al. (1995) defined the measured force as ‘gel strength’. Factors affecting the 
hardness of pressure-induced whey protein gels are similar to those affecting firmness and 
can be summarised under: 
a. Whey protein compositions 
Gels from WPC (815 g/kg of total protein) 20% w/w (pH 6.8) following HPP at 1000 
MPa and 30 °C for 10 min gave only one third the hardness of gels from WPI if prepared 
under the same procedures. A honeycomb type microstructure of WPI gel was the 
reason behind its reduced hardness whereas WPC gel had coral-like microstructure 
(Kanno et al., 1998). 
b. Pressure 
Ngarize et al. (2005) prepared WPI gels through HPP (400-800 MPa, at temperatures 
between 20-30 °C, for 20 min). The gel hardness increased with increasing pressure. A 
similar trend was also observed previously by Kanno et al. (1998). 
c. Co-solutes  
Changing water to skim milk increased the G’ of WPI gels (Orlien, Pedersen, 
Knudsen, & Skibsted, 2006). The incorporation of WPI in milk also enabled gelation 
under several HPP conditions which normally would not induce gelation of WPI in water 
solution. For example, WPI 10% and 15% w/w in milk formed gels after HPP at 300–600 
MPa and 20 °C for 15 min, whereas neither WPI 10% w/w nor WPI 15% w/w in water 
solution formed gels after subjected to the same condition. The presence of caseins in 
skim milk probably contributed to the gel network and resulted in enhanced gel 
strength. Calcium possibly facilitates the interaction between unfolded whey proteins 
and other proteins (Huppertz, Fox, & Kelly, 2004). 
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d. Concentration of whey protein 
Increase in the hardness of WPI (89.8% protein content) gels was observed as the 
WPI concentration was increased from 12 to 18% w/w (Kanno et al., 1998); however, 
increasing the WPI concentration to 20% w/w gave lower hardness than 18% w/w WPI 
gels. A two to three times increase in hardness of pressure-induced WPC (82.43% 
protein content) gels was observed when WPC concentration increased from 20 to 30% 
w/v (Lee et al., 2006). 
e. Holding time 
Subjecting whey protein solution to HPP for a longer time contributed to enhanced 
hardness. The effect was more pronounced for concentrated solutions (Lee et al., 2006; 
Van Camp, Feys, & Huyghebaert, 1996). 
f. Temperature 
Increasing temperature during the pressure treatment led to improved hardness and 
the effect is more obvious for higher whey protein concentration (Van Camp et al., 
1996). 
g. pH and ionic strength 
When the electrostatic repulsion is minimised at low pH (pH = 5) or high ionic 
strength (I = 0.2), pressure-induced whey protein gels displayed two-phase structure, 
with large pores and either thick strands (Figure 1-2 B) or coral-like structures (Figure 1-2 
A, D, and G), which make them prone to water release (He, Azuma, & Young, 2010). At 
higher pH (pH = 8) or low ionic strength (nearly zero), the electrostatic repulsion 
between proteins was enhanced, which slowed the phase separation; thus gels with 
small microscopic structures were obtained. These gels are single-phase dense (Figure 
1-2 I and L), fine stranded (Figure 1-2 F and H) or honeycomb-like (Figure 1-2 C and E) 
and less likely to exudate. Higher pH and higher ionic strength lead to harder gels (He et 
al., 2010). Similarly, WPC (733 g/kg protein) solutions (132 g/L) pressurised to 400 MPa 
at 25 °C for 30 min did not form a gel at pH 3 or 4, but formed large aggregates at pH 5, 
porous gels at pH 6 or 7, and gels without apparent porosity at pH 9 (Van Camp, 
Messens, Clement, & Huyghebaert, 1997). At pH above the isoelectric point of WPC (pH 
> 5), the G’ increased with increasing pH and decreased with salt addition. 
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Figure 1-2. SEM images (bar represents 4 mm) of the microstructure of pressure-induced 
WPI (0.2 g/mL) gels prepared in acetate buffer (pH 5.0), sodium phosphate buffer (pH 6.0), 
Tris–HCl buffer (pH 8.0), or in distilled water (pH 5.0, 6.8, or 8.0). Each solution was treated 
at 800 MPa and 30 °C for 10 min (He et al., 2010). 
In contrast to casein gels, the pressure release rate does not affect the firmness of 
whey protein gels formed through HPP (Fertsch et al., 2003). To our best knowledge, there 
are no scientific reports on the effect of the compression rate on the firmness or 
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microstructure of final dairy protein gels. However, the properties of whey protein gels tend 
to slightly differ when either ‘instantaneous’ (i.e., a few seconds) or slow (several minutes) 
pressure build-up is applied. This difference is simply because slow compression of a protein 
system will ultimately lead to longer treatment times (at different pressure levels) and, thus, 
more protein unfolding and/or aggregation compared to very quick compression. Dairy 
protein gels obtained under compression rates of 2–8 MPa/s typically employed in industrial 
HPP of foods will probably not differ significantly in their properties as the applied pressure 
level, holding time, and possibly decompression rate will be the dominant processing 
factors. 
1.3.2. Gels of Individual Whey Proteins 
When β-lactoglobulin alone is used to prepare pressure-induced gels, the required 
minimum concentration is much lower than for WPI or WPC. Olsen, Ipsen, Otte, and 
Skibsted (1999) reported that a 5% w/w purified β-lactoglobulin solution at pH 7.5 formed a 
gel following treatment at 450 MPa (at 25 °C for 30 min). A further study by Dickinson and 
James (2000) with several different solution concentrations of β-lactoglobulin demonstrated 
the increase of complex modulus (G*) with increasing β-lactoglobulin concentration (≥6% 
w/w) and increasing pressure (≥400 MPa). 
Pressure-induced (450 MPa at 25 °C for 30 min) β-lactoglobulin gels (12% w/w) at 
neutral pH were spongy and released 40% of water during large deformation test, which 
increased the concentration to approximately 18% w/w (Dumay et al., 1999). The gel 
microstructure obtained from the same HPP condition changed depending on the β-
lactoglobulin concentration (Zasypkin et al., 1996). In general, they were opaque-white and 
had sponge-like structure with thick and dense strands. The pore size increased from 3–10 
μm to 50–100 μm with the increase in concentration, from 13.2 to 16.4% w/w. 
Furthermore, micropores (1–3 μm in diameter) were found inside the strands in pressure-
induced gels prepared from higher β-lactoglobulin concentrations (17.8 and 18.3% w/w). 
In comparison, a temperature-induced (87 °C for 40 min) gel from the same solution 
was prepared and subjected to compression. This gel displayed a minor syneresis and the 
protein concentration increased to 14% w/w upon compression (Dumay et al., 1999). 
There are relatively few studies on the effect of HPP on individual whey proteins 
other than β-lactoglobulin. Pressure treatment (100–400 MPa, 20 °C, 30 min) induced 
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thickening of α-lactalbumin and glycomacropeptide solutions (both 10% w/w) with shear-
thinning behaviour, but no gel was formed (Ahmed & Ramaswamy, 2003a, 2003b). No gel 
was induced for α-lactalbumin (24% w/w, pH 7.0) following HPP at 800 MPa and 30 °C for 10 
min unless 3 mM of cysteine was added. BSA at concentration above 16% w/w formed a gel 
after pressurisation at 800 MPa (30 °C and 10 min). Both α-lactalbumin and BSA pressure-
induced gels had a smooth-like plate microstructure (Kanno & Mu, 2002). 
1.4. Effect of High Pressure Processing on Gelatin and Polysaccharides 
Stabilisers, thickener and gelling agents are added to foods for controlling moisture, 
imparting texture, and improving stability and eating qualities. Most of them are 
carbohydrates from agricultural plants, marine plants, and microbial synthesis. Gelatin, agar, 
pectin, and carrageenan are example of classic gelling agents. Gelatin is a protein derived 
from animal tissue and bones. Other hydrocolloids such as xanthan and gellan gums were 
developed through biotechnology advances (Kasapis, Al-Marhoobi, Deszczynki, Mitchell, & 
Abeysekera, 2003; Seisun, 2010). 
1.4.1. Effect of High Pressure Processing on Gelatin 
Taking a generalisation of altered functional properties of gelatin upon HPP is not 
easy due to different areas of interest and experimental conditions, such as gelatin origin, 
concentration, solvent quality, pH, and initial state. 
Gelatin solution (B type, 225 Bloom), left to harden or cured under pressure (300 
MPa, 10 °C, 100 min, native pH), has a higher G’ than those cured at ambient pressure 
(Kulisiewicz & Delgado, 2009). The difference was more pronounced at high gelatin 
concentrations (6-10% w/w) and there was almost no difference between pressure treated 
and untreated gelatin gels at low concentration (1–4% w/w). An in situ rheological 
measurement under pressures at 100 and 200 MPa also exhibited enhanced gelling 
properties of gelatin (10% w/w), as reflected by 2.1 and 4 times G’ than at those cured at 
ambient pressure. 
Gelatin solutions (3% w/w, type A, 250 Bloom at pH 5.4 and 7.5), pressure treated 
(600 MPa, 20 °C, 20 min), followed by cold storage, displayed no microstructural changes 
although an increase in G’ was observed (Walkenström & Hermansson, 1997a). 
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High pressure treatment (100–300 MPa at 20 °C) slowed the gelation kinetic of 
gelatin solutions (7.5% w/v gelatin A, Bloom 60) and the obtained gels after curing for 5 h 
under elevated pressure had higher Tm (26.4–28.2 °C) compared to the ambient pressure 
gels (Tm = 25.8 °C) (Gekko & Fukamizu, 1991). Increase of Tm of high pressure cured gelatin 
gels was also observed by Shimada, Sakai, Nagamatsu, Hori, and Hayashi (1996) and 
Walkenström and Hermansson (1997a), indicating that high pressure cured gels do not melt 
as easily as those cured at atmospheric pressure. The increase of Tm was postulated due to 
more interconnecting triple helical junction zones and shorter helical critical length required 
for stabilisation during high pressure curing (Kulisiewicz & Delgado, 2009; Kulisiewicz, Baars, 
& Delgado, 2007). 
There is scant information in the literature on the influence of HPP on gels made 
from fish gelatin. Montero, Fernandez-Diaz, and Gomez-Guillen (2002) cured fish gelatin 
solutions (cod and megrim gelatin, 6.67% w/w, native pH) under pressures up to 400 MPa 
(12 min, 7 and 20 °C) followed by cold setting. All HPP conditions increased the strength of 
cod gelatin gels (up to 3.3 times) but decreased (up to 3.5 times) that of megrim gelatin gels. 
In both cases, the melting and gelling temperatures (Tm and Tgel, respectively) did not vary 
much after pressure treatment. In general, HPP increased the G’ of both gels, however, the 
increase was more pronounced for cod gelatin gels. 
When gelatin is used at high concentration, the system undergoes a glass transition, 
from glassy to rubbery during temperature sweeping. The glass transition phenomenon, 
which is beyond the gelation, is important in food processing; thus, investigation on glass 
transition as affected by pressure is an area of interest. A study by Kasapis (2007) on gelatin 
type B (15%) and co-solute (65%, which comprised of glucose syrup and sucrose – 50:50) 
pressure treated at 0.1 to 700 MPa showed a relatively stable glass transition temperatures 
(Tg) of about –52 °C, reflecting a high degree of network recovery. However, the Tm 
decreased by 2.3 °C following the application of pressure at 600 MPa for 30 min at room 
temperature (inital temperature). 
1.4.2.  Effect of High Pressure Processing on Starch 
Starch is frequently used for thickening soups, sauces, dressing, and condiments. 
Yoghurt is an example of dairy products which incorporates starch, i.e., as a thickener for 
stirred yoghurt and as a gelling agent for set-type yoghurt (Sheldrake, 2010). Studies on the 
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effect of high pressure on starch cover a wide area of interests. In this review, only 
parameters linked to starch gelling, i.e., enthalpy of gelatinization (∆Hg), and rheological 
properties will be discussed. 
In general, high pressure induces gelatinisation of starch (Kim et al., 2012). Starch 
gelatinisation as induced by high pressure is more likely to occur when: (i) the starches 
contain less amylose (Buckow, Jankowiak, Knorr, & Versteeg, 2009; Fernandez-Martin, 
Fernandez-Garcia, Tabilo-Munizaga, & Barbosa-Canovas, 2008), (ii) higher pressure is 
applied, (iii) higher temperature is chosen, and (iv) longer holding time is selected (Knorr et 
al., 2006). When using flour instead of starch, higher pressure is required to diminish the 
calorimetric enthalpy due to the presence of protein (Ahmed, Ramaswamy, Ayad, All, & 
Alvarez, 2007). 
To the best of our knowledge, HPP alone without involving heat treatment leaches a 
very limited amount of amylose from the starch granules although the gelatinisation is 
completed. HPP also tends to preserve granular structures of non-waxy starch, which is the 
opposite of heat treatment (Oh, Hemar, Anema, Wong, & Pinder, 2008; Stolt, Oinonen, & 
Autio, 2001). When pressure treatment is combined with heat, the granule outer layer is 
partly disrupted and amylose is partly leached out of the starch granules (Figure 1-3) 
(Vittadini, Carini, Chiavaro, Rovere, & Barbanti, 2008). 
 
Figure 1-3. Images of thin slices of fresh tapioca gels induced by heating (A), by HPP at 600 
MPa for 10 min at 30 °C (B) and by HPP at 600 MPa for 10 min at 80 °C (C) (Vittadini et al., 
2008). 
Factors that affecting the hardness/strength of pressure-induced starch gels are as 
follows: 
a. Pressure and holding time 
In the case of barley starch suspension (25% w/w), G’ of 0.1×103 Pa was firstly 
detected following HPP at 400 MPa and 30 °C for 30 min and slowly increased with 
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longer holding times. HPP at 450 MPa and 30 °C for 5 min gave higher G’, which rapidly 
increased with extended treatment time (Stolt et al., 2001). When higher pressure (i.e., 
550 MPa) was used, a strong gel (G’ = 22.5 kPa) was obtained after 0 min and there was 
no significant increase of G’ with prolonged pressure holding times. 
b. Ratio of starch/flour to water 
G’ of pressure gel increased when rice flour to water ratios were increased from 1:5 
to 1:3 (Ahmed et al., 2007). However, no increase of G’ was observed when the ratio 
increased from 1:3 to 1:2, which was probably due to the lack of water for complete 
gelatinisation. 
c. Temperature 
Tapioca starch gels (25% w/w) were obtained under HPP at 600 MPa for 10 min at 
30, 50, or 80 °C and their hardness were compared to thermal (90 °C for 20 min) gels. 
Pressure gels produced at 30, 50, and 80 °C gave 7, 5, and 4 times the hardness of 
thermal gels, respectively (Vittadini et al., 2008). A weak gel (G’ = 11 kPa) was obtained 
from barley starch suspension (25% w/w) after heat treatment (90 °C for 30 min). The G’ 
of this thermal gel was two fold lower than that of the pressure-induced (450 MPa, 30 
°C, 30 min) gel. The increased hardness of the pressure-induced gel was possibly due to 
close packing of swollen starch granules (Stolt et al., 2001). 
1.4.3.  Effect of High Pressure Processing on Pectin 
The usage of pectin in dairy products is depending on the type and source of pectin. 
High methoxy pectin (HMP) can be used for stabilising protein dispersions in acid dairy 
products, i.e., yoghurt drinks, juice-milk drinks, and acidified whey drinks. Low methoxy 
pectin (LMP) is used as a gelling agent of cold-set milk desserts, especially those that are 
acidic or contain added fruits. LMP uses the calcium from casein to support the gelling 
process (Brejnholt, 2010). 
High pressure treated pectin gels displayed more elasticity, homogeneity, clarity with 
lower brittleness and stickiness compared to untreated gels (Abbasi & Dickinson, 2002a). 
The study involved amidated LMP 0.1–1% w/w with 0–30 mg Ca2+/g of pectin at pH 6.8 and 
HPP at 200–800 MPa for 5–20 min at room temperature. HPP at <400 MPa for 20 min did 
not change gel properties. The G’ of amidated LMP gel increased progressively with 
pressure increasing from 400 to 800 MPa; however, the G’ was independent of pressure 
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holding time. The increased G’ of the resultant pressure-induced gel was hypothetically 
explained by a breakdown of the original egg-box structure of the pectin gel network 
resulting in a redistribution of the calcium ions throughout the polygalacturonan chains 
under pressure. Upon decompression, the pectin network is reformed with more 
homogenous distributed calcium ions along the pectin chains. Viscous solutions instead of 
gels were obtained when HMP is pressure treated together with sucrose, indicating that 
sucrose acts as a baroprotector for pectin (Michel et al., 2001). 
1.4.4. Effect of High Pressure Processing on Carrageenan 
There are three primary carrageenans: Kappa-, iota-, and lambda-carrageenan, and 
one hybrid (kappa/iota) carrageenan. Both kappa- and iota-carrageenans form 
thermoreversible gels. Lambda-carrageenan is mainly used as a thickening instead of a 
gelling agent. Carrageenan is often used in dry-mix and ready-to-eat dairy desserts. Kappa-
carrageenan has a synergistic interaction with kappa-casein, thus, kappa-carrageenan is 
added to stabilise milk beverages, ice cream, and processed cheese (Blakemore & Harpell, 
2010). 
Abbasi and Dickinson (2004) prepared iota-carrageenan (0.1–3%) at pH 6.7 with Ca2+, 
warm (70 °C) dispersed, pressure treated at up to 950 MPa (at 20 °C for 1–20 min) followed 
by cold-setting. Gels with and without pressure treatment did not have significantly 
different Tgel and Tm. However, the pressure-induced gel displayed less stickiness and 
enhanced brightness. No gel was obtained following pressure treatments (950 MPa, 30 min, 
room temperature and 900 MPa, 20 min, 45 °C) on cold dispersed iota-carrageenan which 
indicates the inability of HPP to induce the coil to helix transition of iota-carrageenan. 
In contrast, HPP decreased the Tgel of both iota- and kappa-carrageenan dissolved at 
3.5–12.5% in 0.0075–0.1 M KCl solution (Gekko & Kasuya, 1985). Altered properties 
following HPP were also observed by Steyer et al. (1999) for cold dispersion of iota-
carrageenan 3% w/w in 0.5% KCl solution. No gel was formed after treatment at 20 °C and 
400 MPa for 120 min. Higher temperatures, i.e., 40 and 60 °C, were required to induce 
gelation with or without pressure application. HPP at 200 or 400 MPa and 40 °C for 30–120 
min resulted in gels with reduced hardness, cohesiveness, and springiness compared to the 
counterpart prepared at ambient pressure and 40 °C. Higher pressure caused greater 
reduction of their textural properties. At higher temperature (60 °C), the gel hardness 
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tended to increase following HPP and the highest hardness was obtained after HPP at 200 
MPa for 120 min. Cohesiveness and springiness did not change much due to HPP at 60 °C. 
The effect of pressure on the glass transition of kappa-carrageenan/sugar system 
(1.5% kappa carrageenan + 76.5% glucose syrup in 30 mM KCl) was studied by Kasapis and 
Sablani (2008). Pressure treated systems displayed a decrease in Tg from −52.9 to −61.4 °C 
as the pressure increased from 0.1 to 700 MPa at room temperature (initial temperature) 
for 30 min. The decrease of Tg of the mixed system was possibly due to disturbed 
carrageenan network by high pressure since the Tg of the mixed system treated at 700 MPa 
was in the range of the vitrification point of single sugar systems (−62 to −65 °C). 
1.4.5. Effect of High Pressure Processing on Xanthan 
At low concentration (less than 1%), xanthan can give very high viscosity but exhibits 
pronounced shear thinning behaviour. The gelling behaviour depends on the chemical 
properties of the system. Xanthan forms weak gels in water, if at all. Therefore, xanthan is 
usually used in combination with other polysaccharides as it displays synergism with guar 
gum (for thickening) and locust bean gum or konjac glucomannan (for gelling). Ice cream is 
an example of a dairy product which is often made with xanthan (Sworn, 2010). 
The effect of HPP on xanthan solutions has not been studied in detail. The behaviour 
of xanthan solutions (0.25–1.25% w/v) followed the Herschel-Bulkey model (Equation 1-1), 
with the flow behaviour index (n) and yield stress (σ0) remaining unaffected by HPP (80–400 
MPa, 20 °C, 30 min). 
 =  + 	
 
Equation 1-1 
Pressure treatment increased the consistency (K) of xanthan solution at low 
concentration (0.25% w/v). The effect, however, disappeared at high concentration (1.25% 
w/v). The apparent viscosity () at a shear rate of 250 s-1 was affected by HPP (80–400 MPa, 
20 °C, 30 min) in a complex trend depending on the concentration: the apparent viscosity 
increased, remained unchanged, and decreased with increasing pressure (from 80 to 400 
MPa) for 0.25, 0.85, and 1.25% w/v xanthan solutions, respectively. No gelation was 
reported for xanthan solutions following pressure treatment at 80–400 MPa and 20 °C for 
30 min (Ahmed & Ramaswamy, 2004). 
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1.5. High Pressure Effect on Mixtures of Non-Starch Polysaccharides and Caseins 
Several polysaccharides such as LMP and iota-carrageenan form gels in the presence 
of cations such as calcium. During aging, the calcium present in the milk system can slowly 
diffuse to the polysaccharide backbone resulting in an increase of gel strength; however, 
this aging takes time (e.g., 24 h). HPP (400–800 MPa and 20 °C for 5–20 min) offers the 
solubilisation of CCP and distributes calcium ions evenly; therefore, faster and improved 
gelation can be achieved (Abbasi & Dickinson, 2002a, 2004). 
1.5.1. Mixtures of Low Methoxy Pectin and Micellar Casein 
The effect of HPP (800 MPa and 20 °C for 20 min) on the rheology of LMP/MC 
mixtures depend on their concentration and ratio. A complex pattern was observed for 
mixtures with low concentration of LMP (0.2% w/w) (Figure 1-4 A): Mixtures with 0.5–4% 
w/w MC converted from sol-like to gel-like due to HPP, those with 4–10% w/w MC 
demonstrated decrease of both moduli still with G’>G”, and those with 10–12% w/w MC 
showed recovery of both moduli. When high concentration of LMP is used (0.5% w/w) 
(Figure 1-4 B), the high pressure mixed gels displayed increasing G’ and G” throughout the 
MC concentration range (0.5–12% w/w). The enhancement of G’ was likely due to either the 
intensified interaction between the positively-charged-parts of casein micelles and 
negatively-charged polygalacturonan chains, or the attachment of Ca2+ into the gap 
between the pectin backbones under pressure. The decrease of G’ was because of an 
overload of available Ca2+ following HPP, which inhibited the gelation of LMP. However, the 
G’ recovered at high percentage of MC (12–14% w/w) possibly because the caseins network 
was developed upon pressure release (Abbasi & Dickinson, 2002a). 
An enhancement of G’ was also observed for skim milk powder (SMP) dispersions 
supplemented by LMP following HPP, especially when LMP (0.5% w/w) was mixed with SMP 
dispersions with equivalent MC between 2 and 8% w/w and pressurised at 800 MPa (at 20 
°C for 20 min) (Abbasi & Dickinson, 2002b). 
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Figure 1-4. The modulus at 1 Hz of LMP/MC mixtures, prepared with (A) 0.2% w/w or (B) 
0.5% w/w LMP with varying MC concentrations, in 5 mM imidazole buffer at pH 6.8, as 
influenced by HPP (800 MPa, 20 min, 20 °C): Untreated () and treated (). Solid and 
open symbols represent G’ and G”, respectively (Abbasi & Dickinson, 2002a). 
 
1.5.2. Mixtures of Iota-Carrageenan and Skim Milk Dispersion 
Mixtures of iota-carrageenan (0.1–1% w/w) and SMP dispersions (varying 
concentration equal up to 8% w/w MC) displayed increased G’ following HPP at 800 MPa (at 
20 °C for 5 min) (Abbasi & Dickinson, 2004). Pressure treatment caused the dissociation of 
casein and consequently increased the amount of available Ca2+. This dissociation intensified 
the interpenetration between two polymers, and strengthened the electrostatic interaction 
between the positively-charged-part of casein and negatively charged polysaccharide. 
Mixtures with high molar ratio of MC to iota-carrageenan were not thermoreversible 
because the interaction between the polysaccharide and dissociated casein was 
thermodynamically too strong, and the network formed by casein reaggregation was 
dominant. Thermoreversibility is the effect of predominant carrageenan whilst syneresis 
occurs when casein dominates the system (Figure 1-5). 
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Figure 1-5. Phase diagram of iota carrageenan/SMP mixtures at pH 6.7 following HPP at 800 
MPa (5 min, 20 °C). The sol and gel states are symbolised as  and , respectively. The 
thermoreversible region is enclosed within the dashed (---) line while the syneresis is within 
the dotted (···) line (Abbasi & Dickinson, 2004). 
 
1.6. Manipulating the Gelation Order of Whey Protein and Gelatin Mixtures by High 
Pressure Processing 
Different gel types of mixtures of WPC (86.9% total protein) 12% w/w and gelatin-A 
(250 Bloom) 3% w/w at pH 7.5 were created by manipulating the gelation order of each 
biopolymer. The gelation of WPC was induced either by heating at 90 °C (for 1 h) followed 
by cooling or pressurisation (600 MPa, 20 min, 8–40 °C), whilst gelatin was dissolved at 
temperature above its Tm and allowed to set upon cooling. By applying temperature and 
pressure treatments independently or simultaneously, the mixtures followed three different 
gelation orders: (i) gelation of WPC (at 90 °C for 1 h) followed by gelatin (6 °C for overnight), 
(ii) gelation of gelatin (6 °C for overnight) followed by WPC (600 MPa for 30 min at 8 °C 
(initial temperature)), and (iii) gelation of both polymers simulteanously (600 MPa for 30 
min with gradually decreasing temperature from 40 to 20 °C) (Walkenström & Hermansson, 
1997a, 1997b). 
The dynamic oscillation illustrated the dominance of WPC in the first (i) mixed 
system (Figure 1-6 A). The G’ profile of this mixed gel during temperature sweep was similar 
to that of thermal-induced (90 °C for 1 h) WPC gel (12% w/w) except a sharp decrease of G’ 
(is marked with an arrow in Figure 1-6 A) was observed which represented the melting of 
gelatin within the mixed network (Walkenström & Hermansson, 1997a). 
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Figure 1-6. The G’ of during temperature sweeping of gelatin (type A, 250 Bloom) (3% w/w) 
gels, WPC (86.9% total protein) 12% w/w gels, and mixed gelatin/WPC gels (3% gelatin + 
12% WPC) at pH 7.5, prepared with different procedures: Heat treatment (A), pressure 
treatment (B), and combined temperature-pressure treatment (C). Gelatin, WPC, and mixed 
gels are represented by , , and , respectively (Walkenström & Hermansson, 1997a, 
1997b). 
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In contrast, gelatin network dominates the second (ii) type mixed gel (Figure 1-6 B), 
as seen from high G’ at the beginning of sweeping (20 °C) due to the continuity of gelatin 
network formed earlier during cold storage and a great reduction of G’ as the temperature 
went to 55 °C (Walkenström & Hermansson, 1997a). 
The microstructure of the third (iii) type of mixed gel was different from the parental 
systems, possibly due to an associative phase separation. The rheology study revealed a 
much stronger gel (Figure 1-6 C). Heating caused the melting of gelatin within the 
aggregates, therefore, a decrease of G’ was observed, however, the G’ of mixed gel was still 
higher than for pure WPC gels (Walkenström & Hermansson, 1997b). 
1.7. Improving the Water Holding Capacity of Pressure-Induced Whey Protein Gels 
by Incorporating Polysaccharides 
Pressure-induced β-lactoglobulin gels display high levels of syneresis under 
deformation because of large pores (up to 100 μm) in their microstructures. Syneresis could 
be prevented by adding xanthan which decreases the required amount of β-lactoglobulin to 
form gels and increases the maximum elasticity index of the resultant gels (Zasypkin et al., 
1996). 
Dumay et al. (1999) displayed that syneresis of pressure-induced β-lactoglobulin gels 
(12% w/w and pH 7) could be prevented by incorporating 0.1% w/w polysaccaharides, i.e., 
LMP, HMP, or Na-alginate (Figure 1-7). The SEM images indicated that the pressure-induced 
protein gels alone contained no microparticulates (Figure 1-7 A). In contrast, microalveoles 
with honeycomb structure appeared in the mixed system (12% β-lactoglobulin + 0.1% 
polysaccharide) (Figure 1-7 B) and were suggested as the reasons behind improved water 
retention. The creation of microparticulates was possibly initiated by phase separation 
between the protein-rich phase and polysassacharide-rich phase. The protein-rich phase 
grew into thick and dense alveoli wall (Figure 1-7 C and D) whilst the polysaccharide-rich 
phase turned into a less dense alveole inner substance (Figure 1-7 D). The study also 
confirmed that the phase separation is enhanced by: (i) protein denaturation/or 
aggregation, (ii) the presence of polysaccharides with more negative charges (i.e., in this 
case the order is HMP, LMP, and finally Na-alginate), and (iii) higher concentrations of the 
polysaccharide. When concentration of polysaccharide is too high (i.e., 1% w/w), either no 
gel was formed (for β-lactoglobulin + Na-alginate, Figure 1-8) or a gel was obtained (for β-
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lactoglobulin + LMP) that possessed weak water retention, following 30 min treatments at 
450 MPa and 25 °C. 
 
Figure 1-7. SEM images of pressure-induced (450 MPa and 25 °C for 30 min) gels. The 
systems are: β-lactoglobulin at 12% w/w, pH 7.0 (A) and β-lactoglobulin 12% w/w in mixture 
with Na-alginate 0.1% w/w (B-D). Pillars (1) and pores (2) appear in β-lactoglobulin gels. 
Honeycomb microalveoles (3) are observed in mixed gels with dense and thick alveoli walls 
(4) and less dense alveole content (5) (Dumay et al., 1999). 
Alois and Paulo (1999) patented the procedure to induce gelation of whey protein-
polysaccharide mixture to create pudding. Pudding comprised of WPI (12% w/w), kappa-
carrageenan (0.1% w/w), SMP (3% w/w), sweeteners, and flavourings was prepared by HPP 
at 250 MPa and room temperature for 9 min. The pudding gave G’ and G” of 8 and 35 Pa (at 
25 °C), respectively, with satisfying sensorial (i.e., smooth, creamy, and crisp) properties. 
Carrageenan can be replaced by xanthan or pectin while the concentration of each polymer 
and/or the HPP conditions can be varied, i.e., 5–15% w/w WPI + 0.05–0.25% w/w 
polysaccharide, 200–800 MPa, 5–75 °C, 1–20 min. 
27 
 
 
Figure 1-8. Microstructure of mixed pressure-induced (450 MPa and 25 °C for 30 min) gels, 
prepared from β-lactoglobulin 12% w/w and Na-alginate at increasing concentrations (w/w): 
0.25% (A–B), 0.5% (C) and 1% (D). Images were taken with SEM (A–C) and photon 
microscopy interferential mode (D). Microstructure of mixed gel is constructed of 
microparticulates (3) framed by big pillars (1). In 1% w/w Na-alginate addition, no gel was 
obtained and the image displayed residual pillars (4) surrounded by abundant microparticles 
(5) (Dumay et al., 1999). 
 
1.8. High Pressure Effect on Mixtures of Whey Proteins and Dextran Sulphate  
Incorporating dextran sulphate (DS), a long chain glucose polymer containing 17–
20% sulphur, into β-lactoglobulin solutions (3 mg/mL in 50 mM Tris-HCl buffer at pH 7) 
made the protein more susceptible to high pressure treatment. The enthalphy of 
denaturation (ΔHg) of β-lactoglobulin decreased by 63.7% following HPP at 280 MPa and 60 
°C for 30 min. Further reduction of ΔHg can be achieved by adding DS into β-lactoglobulin 
solutions with a ratio of 1:1, without (42.8% reduction) and with (96.1% reduction) HPP 
application with the same condition. The ΔHg reduction is larger with: (i) increasing pressure 
(from 150 to 280 MPa) or temperature (from 40 to 60 °C) independently, (ii) combining 
pressure-heat treatment (280 MPa and 60 °C), and (iii) lengthen the holding time from 10 to 
30 min (Aouzelleg & Bull, 2004). 
A different effect of DS on a β-lactoglobulin solution was obtained by Galazka et al. 
(1996). Instead of decreasing the pressure stability of the protein, DS became its 
baroprotector. A mixture of β-lactoglobulin and DS (each concentration was 2.5%, dispersed 
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in HPLC grade water, pH adjusted to 7.0 by adding either 0.05 M HCl or NaOH) displayed a 
small calorimetric peak at Tm of 59.27 °C after HPP (800 MPa, 20 min, 23 °C), which was 
significantly higher than that of the pressurised β-lactoglobulin system (Tm of 38.26 °C, 
almost no enthalpy). 
Interaction of BSA and DS (each concentration was 2.5% in HPLC grade water, pH 
adjusted to 7.0) at ambient pressure was detected by calorimetric scanning as illustrated by 
smaller enthalpy and lower Tm compared to those of the protein alone system. Similar to β-
lactoglobulin, DS still played its role as the baroprotector of BSA as verified by differential 
calorimetric scanning (Galazka et al., 1996). 
1.9. Tailoring Phase Separation of Whey Protein-Pectin Mixtures by High Pressure 
Processing  
Mixtures of WPI (12% w/w) and HMP (1.5% w/w, pectin contained sugar 300 g/kg) at 
pH 7.0 displayed a different extent of phase separation depending on the conditions of HPP 
(Figure 1-9). The gelation point for the studied mixtures fell upon HPP at 400–600 MPa at 40 
°C for 10 min, resulting in >60% denaturation of WPI. HPP at 400 MPa (either at 25 or 40 °C 
for 10 min) caused the formation of protein-rich globules throughout the pectin continuous 
phase. Large protein lumps enclosed by a pectin-rich phase were observed following intense 
HPP at 800 MPa (either at 25 or 40 °C for 10 min). Due to the phase separation of protein 
and pectin, the concentrated pectin phase was assumed as the reason behind the viscosity 
raise of pressure treated mixtures whilst the protein network was developed during the 
protein gelation (Michel et al., 2001). 
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Figure 1-9. Microstructures of phase separating WPI/HMP mixtures as affected by HPP at 
two different temperatures, 25 °C (A–C) and 40 °C (D–F). The HPP was conducted for 10 min 
at 0.1 MPa (A and D), 400 MPa (B and E) and 800 MPa (C and F) (Michel et al., 2001). 
 
1.10. High Pressure Effect on Mixtures of Starch and Milk 
Johnston and Gray (2007) dispersed 40 g/L cold-water-swelling waxy maize starch in 
previously heated (85 °C for 30 min) skim or whole milk at 20 °C before HPP at 200 MPa for 
20 min (assumed at room temperature). The whole milk system always displayed a G’ two 
times higher than that of the skim milk system. However, HPP increased the G’ of each 
system approximately fivefold. Tan δ for all mixtures decreased from 0.6–0.7 to about 0.3. 
This result is beneficial for formulating desserts or sauces as similar rheological characters 
could be achieved with less starch if HPP is applied. 
Normal and waxy rice starches (10% w/w) were added to reconstituted skim milk 
(5% w/w and 10% w/w) prior to HPP at 100–700 MPa and 20 °C for 30 min. The 
gelatinisation of both starches in milk was retarded by soluble milk minerals and lactose, 
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therefore, higher pressure (i.e., >700 MPa) was required for starch gelatinisation to occur in 
skim milk than in water. The retardation effect was greater as the skim milk concentration 
increased. At concentrations equivalent to those in skim milk (i.e., 10% w/w), caseins and 
whey proteins did not affect the degree of starch gelatinisation as induced by pressure. 
Soluble milk minerals and lactose were suggested to retard starch gelatinisation under 
pressure (Oh et al., 2009). 
1.11. Applications of High Pressure Processing for Structuring Dairy Products 
Although proteins and polysaccharides are the major ingredients in structuring food 
products, food products consist of other ingredients as well. The ingredients should be 
incorporated for creating satisfying sensorial properties such as texture, flavour, and 
sweetness. When HPP is linked to new product development in dairy products, additional 
unit operations have to be considered because HPP alone is often not enough to achieve the 
desired outcome. Both, the presence of non-structuring ingredients and other non-HPP unit 
operations, possibly contribute to the final textural and mechanical properties of food 
products. For the dairy industry, product development utilizing HPP is not limited to cheese, 
yoghurt, and ice cream. However, only these examples are discussed here. Innovations, 
comprising of high pressure treatment on dairy ingredients or dairy products are patented 
by industries, universities, and research organizations; including those summarised in Table 
1-1. 
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Table 1-1. Some patented innovations comprising high pressure treatment of dairy ingredients or dairy products 
Claims Applicants Publication Numbers References 
Preservation 
   
Preservation of milk by applying high pressure. Tianjin Huatai Senmiao Bioengi, 
Tianjin, China 
CN 1653917 (A) Jia and Bi (2005) 
Preservation of foods including dairy products by applying 
high pressure. 
Kraft Foods Holdings, Inc., 
Chicago, IL, USA 
EP 1621085A1 Turek, Yousef, Chism, 
and Shellhamer (2006) 
Preservation of foods with water activity ranging from 0.85 to 
0.99 containing at least one fruit and dairy component by 
applying high pressure. 
Kraft Foods R&D, Inc., Chicago, 
IL, USA 
EP 2215916A1 Pfeifer, Legan, Tay, and 
Turek. (2010) 
Preservation of frozen food including those containing dairy 
components. 
JCR Technologies LLC, Federal 
Way, WA, USA 
WO 2009/003040 A1 Meyer (2008) 
HPP to inactivate microorganism in protein drinks preferably 
those comprising of whey proteins. 
NEXT Proteins, Inc., Carlsbad, CA, 
USA 
US 7,906,160 B2 Sherwood, Jenkins, and 
Rittmanic (2011) 
HPP for pasteurising cheese products and cheese products 
formed thereby. 
 
 
 
S.P.A. Egidio Galbani, Milan, MI, 
Italy 
WO 03/003845 A2 Kreilinger (2003) 
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Preservation and retention of cultures/bioactives    
Reducing/delaying/preventing/eliminating the growth of 
spoilage microflora and retaining the viable desired 
cultures in food containing cultures, such as 
yoghurts and cheeses. 
Fonterra Co-operative Group 
Ltd., Auckland, ACT, New 
Zealand 
US 7,854,950 B2 Carrol, Chen, 
Harnett, and Harnett 
(2010) 
A pressure treatment to prevent the growth of 
unwanted microorganisms and to retain a desired 
level activity of bioactive components in particular 
yoghurts, lactoferrin jellies, colostrum, 
hyperimmune milk and hyperimmune colostrum. 
Fonterra Co-operative Group 
Ltd., Auckland, ACT, New 
Zealand 
US 2008/0317823 A1 Carrol et al. (2008) 
HPP to prevent the growth of unwanted 
microorganisms, and to retain a desired level of 
metal ion binding in food comprising of metal ion 
lactoferrin. 
Fonterra Co-operative Group 
Ltd., Auckland, ACT, New 
Zealand 
US 2008/0166466 A1 Palmano, Carrol, 
Patel, Gonzales-
Martin, and Elgar 
(2008) 
Improving digestibility of food proteins 
   
Single cycle ultra-high pressure treatment for increasing 
the digestibility of food proteins, particularly whey 
proteins in relationship to the prevention or 
treatment of glutathione deficiency. 
 
McGill University, Montreal, 
QC, Canada 
WO 2007/045090 A1 Lands et al. (2007) 
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Improving physicochemical properties of dairy products    
Ultra-high pressure treatment for preparation of ice 
confections, containing at least 1% wt casein 
micelles in the aqueous phase. 
Unilever N.V., MK44 1LQ, GB WO 98/18350 Keenan, Wix, and 
Young (1998) 
A combination of HPP and thermal processing for 
manufacturing yoghurt with desirable firmness and 
syneresis properties. 
Washington State University 
Research Foundation, 
Pullman, WA, USA 
WO 03/007724 A1 Harte, Barbosa-
Canovas, Swanson, 
and Luedecke 
(2003b) 
HPP for assisting gelation of the mixture of whey 
(lactoserum) proteins and at least one 
polysaccharide. 
Nestec, S.A., Vevey, 
Switzerland 
US 5,932,272 Alois and Paulo 
(1999) 
HPP on milk/dispersion of casein micelles to liberate the 
whey proteins bound to the casein micelles prior to 
preparations of milk proteins such as yoghurts and 
cheeses. 
Snow Brand Milk Prod. Co. 
Ltd., Shinjuku, Tokyo, Japan 
JP 4262749 (A) Shibauchi, 
Yamamoto, and 
Maruya (1992a) 
HPP to modulate the coagulant enzyme activity in 
cheese manufacturing. 
New Zealand Dairy Board, 
Auckland, ACT, New Zealand 
US 2006/0134298 A1 Johnston et al. (2006) 
Thermally treated concentrated milk is subjected to HPP 
to recover its pH value to ≥ 6.3 without adding a 
chemical substance and to improve its flavour. 
Snow Brand Milk Prod. Co. 
Ltd., Shinjuku, Tokyo, Japan 
JP 6181685 (A) Funahashi and 
Hatanaka (1994) 
Inhibition of the breakdown of intact casein in cheeses 
using HPP. 
New Zealand Dairy Board, 
Auckland, ACT, New Zealand 
WO 2004/045295 A1 Johnston et al. (2004) 
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1.11.1. High Pressure Processing for Novel Cheese Manufacture 
HPP can be applied at many stages of cheese manufacturing for different 
improvement purposes. In relationship to the structure formation of the cheese matrix, the 
applications of HPP can be classified into: (i) improvement of rennet coagulation, (ii) 
assistance of curd formation, (iii) enhanced salting and/or ripening, and (iv) improvement of 
the microstructure/texture of cheese or fresh cheese. 
HPP (250–600 MPa and 20 °C for 0–30 min) applied on heated skim milk (90 °C for 10 
min) was able to reduce rennet coagulation time (RCT) (Huppertz et al., 2005). RCT for raw 
skim milk was 8.2 min. HPP at either 400 or 600 MPa (at 20 °C for 0–15 min) prior to rennet 
addition reduced the RCT by 50–60%. The amount of rennet to assist coagulation in 
pressurised milk can also be reduced (Molina, Alvarez, Ramos, Olano, & Lopez-Fandino, 
2000). 15% higher yield, 2–5% more moist curd, with 30–36% less protein was obtained 
from pressurised milk (Huppertz et al., 2005). Reduction of RCT by 11.1% was observed by 
Voigt, Donaghy, Patterson, Stephan, and Kelly (2010) for pressure treated (400 MPa and 20 
°C for 10 min) whole milk, which was pasteurised (63 °C for 30 min) prior to HPP. HPP at 600 
MPa (20 °C for 10 min), however, led to longer RCT (37.4% longer than RCT of pasteurised 
whole milk). The binding of denatured β-lactoglobulin to κ-casein possibly hindered the curd 
formation in pressure treated (600 MPa) milk. 
HPP may also have the ability to fully replace rennet function (Hinrichs, 2007). Milk 
gels (UF-milk, 14–15% w/w protein, 15.2% w/w fat, pH 5.7–6.3) were prepared using HPP 
(600 MPa and 30 °C for 30 min) prior to brining and inoculation. Traditional Camembert 
cheese (prepared from rennet-curded milk) qualitatively exhibited better melting and water 
solubility than the one prepared from pressure-induced gels. HPP assisted the formation of 
covalent disulfide bonds which hindered the resultant cheese from melting. In contrast, the 
traditional Camembert cheese was majorly stabilised by non-covalent bonds (Hinrichs, 
2007). Pressure treatment (500 MPa and 20 °C for 10 min) of raw milk prior to microbial 
renneting and ripening of Camembert cheese significantly decreased the sensorial 
attributes, particularly the texture-in-the-mouth, of the resultant cheese (Voigt, Patterson, 
Linton, & Kelly, 2011). However, there was no significant difference in overall acceptability 
between Camembert cheese prepared from pressure treated milk and the one prepared 
from raw milk. 
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HPP to induce curding was also used to prepare Ricotta cheese from reconstituted 
sweet whey (Besbes, Blecker, Attia, Massaux, & Deroanne, 2002). Cheese prepared from 
HPP (400 MPa and 25 °C for 30–60 min) was glossy and soft compared to the conventional 
Ricotta cheese made through thermal processing. Pressure treatments, however, gave 
lower yields. Nevertheless, HPP resulted in Ricotta cheese with more homogenous particles 
(0.04–30 μm) in comparison to the heat processed Ricotta cheese (0.04–100 μm). 
Koca, Balasubramaniam, and Harper (2011) and Messens, Van de Walle, Arevalo, 
Dewettinck, and Huyghebaert (2000) reported that HPP decreased the hardness of Turkish 
white (after HPP at 400 MPa and 22 °C for 5–15 min, followed by ripening for 0 or 60 days) 
and Gouda cheeses (after HPP at 225 or 400 MPa and 14 °C for 1 h, followed by ripening for 
0 or 14 days), respectively. In both studies, HPP was applied after brining prior to ripening. 
HPP (200 MPa and 20 °C for 1 h) also possesses potential for reducing ripening time for 
Mozarella cheese by 14 or 28 days (Johnston & Darcy, 2000). 
Treatments at 385 and 483 MPa, respectively, for 3 and 7 min (assumed at room 
temperature) eliminated the required ripening of Cheddar cheese, i.e., improved the 
shredability and sensorial properties of 1-day old milled curd Cheddar cheese and, thus, 
their properties were comparable to those of the 27-day ripened cheese (Serrano, 
Velazquez, Lopetcharat, Ramirez, & Torres, 2005). Furthermore, treatments at 200 MPa (at 
20 °C for 2 h) improved half fat Cheddar cheese so that it had similar properties to those of 
full-fat Cheddar cheese (Johnston, O’Hagan, & Balmer, 2002). Treatment (600 MPa and 20 
°C for 10 min) on raw milk prior to Cheddar cheese manufacturing, however, increased the 
Cheddaring time (for cheese to reach pH 5.2) by 18.1% compared to that of Cheddar cheese 
from raw milk (Voigt et al., 2010). The longer Cheddaring time was proposed due to the 
reduction of non-starter lactic acid bacteria in pressurised milk and the interaction between 
denatured whey protein(s) with κ-casein through disulphide bonds which hindered the 
second step in rennet coagulation. After 180 days of ripening, Cheddar cheese prepared 
from pressurised (600 MPa) milk possessed the lowest hardness, gumminess, and 
chewiness, which possibly due to extensive proteolysis as reflected by high levels of pH 4.6-
soluble nitrogen and trichloroacetic acid-soluble nitrogen (Voigt et al., 2012). 
The textural changes in Mozarella cheese are associated with the break down of 
proteins, particularly αs1-casein and, thus, fresh Mozarella cheese is not yet suitable for 
pizza topping. Ageing is required to reach the desired melting and stretching; however, 
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further ageing will make the cheese unsuitable due to excessive softness on melting. Hence, 
the time interval of Mozarella cheese to be used for pizza topping is relatively short. 
Johnston et al. (2004) patented a HPP procedure to slow the disruption rates of αs1-casein in 
Mozarella cheese by up to 90% compared to untreated cheese. HPP (>400 MPa for 5 min) 
gave retarded casein break down and could be applied to cheese at different ages prior to 
further storage; therefore, the duration in which the cheese can be used as pizza topping is 
prolonged. The use of HPP to reduce the time-dependent textural changes was also 
reported by Wick, Nienabaert, Anggraeni, Shellhammer, and Courtney (2004) for Cheddar 
cheese. 
Textural changes of cheese due to HPP are not always preferred. Treatment (400 
MPa and 20 °C for 20 min) on milk prior to the manufacturing of Queso Fresco fresh cheese 
resulted in cheese with increased moisture and stickiness, and reduced firmness and 
crumbliness, which were not favoured by panellists (Sandra, Standford, & Goddik, 2004). 
The same treatment applied on Queso Fresco cheese (prepared from raw milk) did not alter 
the major textural attributes, in comparison to the unpressurised cheese. This result 
suggests the utilisation of HPP to lower the microbial load of Queso Fresco cheese made of 
raw milk with retained sensory attributes with similar composition to those of unpressurised 
Queso Fresco cheese. 
1.11.2. High Pressure Processing for Novel Yoghurt Manufacture 
Treatment for 5 min at 676 MPa and room temperature of heated skim milk (14% 
w/w) prior to culture addition was able to increase the water holding capacity of yoghurt 
(Penna, Rao-Gurram, & Barbosa-Canovas, 2007). HPP at 600 MPa for 15 min was reported 
to diminish syneresis before centrifugation whereas yoghurt prepared without HPP showed 
10% syneresis (Capellas & Needs, 2003). Improved texture and creaminess was also 
reported for yoghurt prepared from pressurised WPC-fortified skim milk in comparison to 
yoghurt prepared by heat treatment. Yoghurt prepared from a pressurised premix, 
however, had a bland taste (possibly due to the lack of sourness) that was disliked by 
panellists (Capellas, Noronha, Mor-Mur, & Needs, 2002). 
Fresh stirred low-fat yoghurt was subjected to HPP at 100–400 MPa for 15 min at 20 
°C. The viscosity increased gradually (up to 70%) following HPP (≥200 MPa) and the 
differences were maintained after 20 days storage at 4 °C. Yoghurt subjected to HPP at 100–
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300 MPa was similar to untreated yoghurt, being smooth in appearance, and did not show 
syneresis. Yoghurt treated at 200 and 300 MPa gained the highest general acceptability; in 
contrast, yoghurt treated at 400 MPa was tasteless with syneresis (de Ancos, Pilar Cano, & 
Gómez, 2000). HPP at and above 300 MPa may also decrease the consistency of yoghurt and 
create flocullants (Reps, Jankowska, & Winiewska, 2009). 
WPC- and SMP-fortified raw whole milk was pressure treated at 193 or 676 MPa (for 
5 or 30 min with 4 °C initial temperature) or heated (85 °C for 35 min) to produce yoghurt 
and the products were compared (Harte, Amonte, Luedecke, Swanson, & Barbosa-Canovas, 
2002). Yoghurt from heated and pressure treated (676 MPa, 30 min) milk did not 
demonstrate a significant difference in yield stress; thus, both of them displayed minimum 
syneresis (Figure 1-10) and good water retention. This reduced syneresis is possibly due to 
interaction between β-lactoglobulin and either κ-casein micelles (for heated milk) or 
dissociated casein (for pressurised milk) surfaces, which hinders the aggregation of caseins, 
as revealed by Transmission Electron Microscopy (TEM) images (Figure 1-11). Applying 
pressures (400–676 MPa for 5 min) after heat treatment (85 °C for 35 min) on SMP-fortified 
skim milk resulted in yoghurt with reduced syneresis, which was better than the syneresis 
observed after individual treatments (Harte, Luedecke, Swanson, & Barbosa-Canovas, 
2003a; Harte et al., 2003b). 
 
Figure 1-10. Yoghurt gel at 5 °C from fortified milk (whole milk added with 1% w/w WPC and 
SMP to reach 10% w/w MSNF) processed under various conditions (Harte et al., 2002). 
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Heat treatment (90 °C for 10 min) prior to or after HPP (100–400 MPa, 25 °C, for 10 
min) did not change the viscosity of stirred low-fat yoghurt; however, HPP (250–400 MPa) at 
high temperature (70 or 90 °C) decrease the viscosity. This reduced viscosity allowed the 
creation of a yoghurt drink through a simultanous heat-pressure treatment (Udabage et al., 
2010). 
 
Figure 1-11. TEM images of yoghurt as prepared from pressure treated (A) or heat treated 
(B) fortified milk (whole milk added with 1% w/w WPC and SMP to reach 10% w/w MSNF). 
Small black dots indicate the position of β-lactoglobulin (Harte et al., 2002). 
 
1.11.3. High Pressure Processing for Novel Ice Cream Manufacture 
Compared to cheese and yoghurt, published studies on the effect of HPP on ice 
cream are rare. In order to produce low-fat ice cream with similar textural properties to 
those of full-fat ice cream, whey protein is often incorporated to the ice cream mix. Partially 
denatured whey protein is expected to give better foaming properties which hinders 
excessive growth of ice crystals and holds air bubbles during the freezing process. At the 
end, better sensory and textural properties will be obtained. For that purpose, WPC 
solutions were partially denatured at 300 MPa for 15 min (initial temperature 25 °C) and 
incorporated in the making of low-fat ice cream, using concentrations of 0.82% total solid 
and 0.3% protein (Lim, Swanson, Ross, & Clark, 2008). The ice cream mix supplemented with 
pressure treated WPC had higher percentage of overrun and viscosity; and the resultant ice 
cream gave improved hardness (200 N), better than the ice cream prepared with the 
untreated WPC (hardness of 150 N). The hindered hydrophobic association of partially 
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denatured proteins is believed to increase the water binding properties of the continuous 
phase. 
Huppertz, Smiddy, Goff, and Kelly (2011) prepared ice cream from mixes which were 
pressure treated at 200-500 MPa for 0-20 min at 20 °C and compared them to the ice cream 
prepared from non-HPP mixes. For standard ice cream mixture comprises of a high amount 
of milk solid non-fat (MSNF) plus fat and sucrose, the required pressures to completely 
solubilise CCP were predicted to exceed 750 MPa. Thus, the caseins did not fully dissociate 
under the studied pressure range. The microstructure of the unpressurised control ice 
cream mixes (Figure 1-12 A) and the corresponding resultant ice cream (Figure 1-12 C) 
presented intact casein micelles while the pressurised control mixes and the resultant ice 
cream (Figure 1-12 B and D, respectively) presented less intact casein micelles. The ice 
cream from pressurised control mixes displayed slower melting compared to those from 
unpressurised control mixes. Reduced amount of fat or MSNF, or sucrose addition caused 
fast melting of ice cream even though the mixes had undergone HPP. 
Keenan et al. (1998) patented the ice cream manufacturing through HPP with a 
possibility to eliminate emulsifiers and/or stabilisers. Ice cream mixes containing 3-5% w/w 
MC and 25% sugar (i.e., sucrose, lactose, glucose, or corn syrup) in the aqueous phase were 
subjected to HPP (400 MPa for 5-40 min at room temperature) after pasteurisation prior to 
freezing and aeration. Ice cream from pressure treated mixes demonstrated a slower 
melting rate and improved sensory properties compared to the control ice cream, possibly 
because of the formation of pressure-induced protein gels. 
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Figure 1-12. TEM images of non-pressurised (A) and pressurised (B) ice cream mixes and the 
corresponding resultant ice cream (C and D). The ice cream contained fat 6% w/w, milk solid 
non-fat 12% w/w, and sucrose 14% w/w. HPP was performed at 400 MPa for 5 min at 20 °C 
(Huppertz et al., 2011). 
 
1.12. Conclusions 
Pressure-induced gelation of dairy proteins and common dairy gelling agents, such as 
gelatin, starch, pectin, carrageenan, and xanthan, were reviewed. Gelation of whey proteins 
and caseins due to pressure treatment is usually associated with denaturation of whey 
protein and reassociation of caseins, respectively. The gelatinisation of starch under high 
pressure is linked to the swelling of starch granules with retained granular shapes. The 
effect of HPP on gelatin and non-starch polysaccharides is not well understood. 
Nevertheless, the ability of HPP to form gels with unique properties, different to those 
obtained from thermal treatment, was demonstrated in several studies. 
Interesting effect is obtained when HPP is applied to mixtures of macromolecules 
since interactions between them, which may occur under pressure and during 
decompression, contribute to the improved mixed gel properties, for example rapid gelation 
of pectin/caseins mixtures and improved water holding capacity of xanthan/β-lactoglobulin 
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gels. Combining HPP with thermal treatments enables a change of gelation order for hot-set 
and cold-set biopolymers in a system, which can lead to different phase separation and 
rheological properties. 
This review also highlights promising results to modulate textural properties of dairy 
products by HPP. For example, there is evidence that the application of HPP in cheese 
manufacturing improves the coagulation, curd formation, cheese ripening, and 
microstructures. Yoghurt and ice cream, prepared by HPP, display less syneresis and slower 
melting, respectively, compared to conventionally prepared samples. 
HPP offers a higher degree of freedom in the selection of processing parameters 
than conventional thermal treatments, which means more possibilities to create new gel 
properties and more variables can be taken into account for achieving desired sensorial 
properties. However, efficient utilisation of HPP while keeping an attractive price of the final 
food products is still a challenge. In addition, real food products include ingredients other 
than protein and polysaccharides, i.e., flavours and sweeteners, which might be unaffected 
or enhanced by HPP, thus providing a competitive advantage of HPP over conventional 
technologies. Although, at this stage, HPP alone is not adequate for preparing final dairy 
products, this technology is versatile in combination with other unit operations, e.g., 
thermal or shear treatments, and can result in safe and nutritious dairy products with 
enhanced sensorial properties under economically feasible process conditions. 
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Abstract 
This review highlights biochemical changes in milk during heating, high pressure 
processing (HPP), and high pressure thermal processing (HPTP). In addition to microbial 
issues, milk quality is often associated with its volatile profile and appearance. Milk quality 
changes upon thermal or high pressure thermal pasteurisation/sterilisation. Thus, the 
extent of quality degradation during processing as well as lactose transformation and milk 
protein degradation through proteolysis are reported here. Moreover, the occurence of 
aggregation upon heating, HPP, and HPTP is also provided. 
 
Keywords: heating, high pressure processing, milk, volatile, appearance, proteolysis 
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2.1. Introduction 
Heat treatment is an essential step during manufacture of milk products for 
eliminating microbial pathogens, extending shelf-life, and if necessary removing excess 
water. Heating brings some consequences to milk; for example, whey protein denaturation 
and association with casein, formation of lactulose and formic acid, formation of free 
sulphydryl groups, and Maillard reactions, which at the end are perceived as changes in 
viscosity and acidity, development of off-flavour, and decreased nutritional value (Williams, 
2002). 
Attempts to preserve milk while minimising the negative side effects of heat 
treatment using alternate techniques were initiated. Hite (1899) showed that high pressure 
treatment was able to prevent the souring of milk; less holding time was required when high 
pressure was applied at 85–90 tons/in2 (~1350 MPa, room temperature for 1 h) compare to 
treatment at 25–30 tons/in2 (~420 MPa, room temperature for 10–12 h) to avoid milk 
souring for 4 days (stored at room temperature). High pressure treatment at 10–15 tons/in2 
(~190 MPa, room temperature) with extended holding time (10–14 days) could not 
lengthen the shelf life of milk more than 4 days. However, when combined pressure-heat 
treatment was applied (70 °C, 7–12 tons/in2 (~150 MPa), 1–3 h), the treated milk remained 
‘sweet’ for 2 weeks although it possessed a cooked flavour. Mussa and Ramaswamy (1997) 
later demonstrated that pressure treated milk (350 MPa, room temperature, 26.76 min) 
could be stored up to 18 days at 5 °C and 12 days at 10 °C, implying a pasteurisation instead 
of a sterilisation effect provided by HPP. Patterson and Kilpatrick (1998) further 
demonstrated the effectiveness of combined pressure-heat treatment on inactivating 
pressure-resistant microorganisms. There were 5-log10 reduction of Escherichia coli and 6-
log10 reduction of Staphylococcus aureus following treatment at 400 MPa (at 50 °C for 15 
min) and 500 MPa (at 50 °C for 15 min), respectively. Less than 1-log10 reduction of each 
bacterium was achieved through either thermal (50 °C for 15 min) or pressure treatment 
(400 and 500 MPa for E. coli and S. aureus inactivation, respectively, at 20 °C for 15 min) 
compared to the reduction achieved through combined treatment. 
The challenge in low acid food sterilisation through HPP is how to efficiently 
inactivate bacterial spores. HPP alone (i.e., 600 MPa at 20 °C for 1 h) did not give any log 
reduction of Bacillus stearothermophilus, however, HPP at elevated temperature (600 MPa 
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at 60 °C for 1 h) could give 3 log reduction (Hayakawa, Kanno, Tomita, & Fujio, 1994). More 
examples of efficiency of HPP (400–800 MPa) at elevated temperature (i.e., 50–75 °C) in 
reducing/eliminating bacterial spores were summarised (Mujica-Paz, Valdez-Fragoso, 
Samson, Welti-Chanes, & Torres, 2011; Wilson, Dabrowski, Stringer, Moezelaar, & 
Brocklehurst, 2008). Therefore, a combination of high pressure and a moderate 
temperature was suggested (Mujica-Paz et al., 2011; Wilson et al., 2008). Performing high 
pressure at and above 50 °C is recommended for delivering longer shelf-life with improved 
food quality than the conventional thermal processing used to date (Mujica-Paz et al., 
2011). HPP can disrupt hydrogen bonds and leave covalent bonds almost unmodified, 
resulting in minimum changes in foods as revealed by both chemical and sensory tests 
(Cheftel, 1995). Thermal processing alone inactivates microorganism, with a lack of 
freshness quality (van der Placken et al. 2012) and a possibility to produce toxic compounds 
(Segovia Bravo et al., 2012). HPTP incorporates high temperature which can affect both 
hydrogen and covalent bonds; the effect of HPTP in foods, particularly in relationship to 
chemical changes, are still largely unknown (Segovia Bravo et al., 2012). 
Although milk was one of the first food products observed in relation to HPP, the 
scientific publications on the pressure effects on milk safety, particularly from chemical 
aspects, are scarce. This chapter highlights the current knowledge on visual and chemical 
changes in milk systems following HPTP. 
2.2. Volatile Profile of Milk 
Volatile profile of milk changes depending on the applied treatment. Heating 
promoted the formation of sulphuric compounds (i.e., methanethiol and H2S), methyl 
ketones (i.e., 2-nonanone, 2-heptanone, and 2-undecanone), and aldehydes (mostly 
nonanal) (Vazquez-Landaverde, Torres, & Qian, 2006). The same study emphasised that HPP 
(482–620 MPa, 1–5 min) at 25 °C resulted in negligible changes to the volatile compositions 
of milk. Although formation of H2S was enhanced during HPP, this compound only had little 
contribution to milk off-flavour compared to methanethiol. The authors also emphasised 
that the formation of H2S during pressurisation generally increased with increasing 
temperature (60 °C), however, not in a consistent manner toward either increasing pressure 
or holding time. HPTP at 586–620 MPa (60 °C, 1–5 min) seemingly induced the formation of 
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hexanal which did not occur during heating (80 °C for 5 min) or during HPP at 25 °C 
(Vazquez-Landaverde, Torres, & Qian, 2006). 
A kinetic study (performed at 45−75 °C, up to 10 min) on volatile formation in milk 
demonstrated that increasing pressure (from 482 to 655 MPa) at a specific temperature 
enhanced the formation of straight-chain aldehydes, had no effect on H2S formation, and 
slowed the formation of 2-methylpropanal and 2,3-butanedione (Vazquez-Landaverde, 
Qian, & Torres, 2007). Their study also revealed that the formation of methanethiol did not 
change much with pressure, possibly due to a large negative activation volume. Methyl 
ketones were seemingly independent of pressure and holding time. Moderate HPTP (Group 
A in Figure 2-1) gave volatile profiles similar to commercial pasteurised milks with added 
advantage since the milk have a refrigerated shelf-life of 7 weeks compared to 2–3 weeks of 
conventional pasteurised milk. HPTP at higher temperature (Group B in Figure 2-1) gave 
different volatile profile, however, to the direction away from the cooked-milk flavour 
profile of ultra high temperature (UHT) milks (Group C in Figure 2-1), which was not 
favoured by consumers (Torres et al., 2009). 
 
Figure 2-1. Comparison of volatile profiles of commercial milk and milk subjected to HPTP 
using principal component analysis. Milk samples subjected to HPTP were numbered. 
Commercial milk samples are represented by pasteurised milks (PA and PB) and UHT milks 
(UA and UB) (taken from Torres et al., 2009). 
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2.3. Appearance of Milk 
Increase of lightness of raw milk, observed in the early heating stage, was possibly 
due to the denaturation and conjugation of β-lactoglobulin with κ-casein (Burton, 1954). 
Further heating caused browning as a result of lactose-protein conjugation. The brown 
colour in milk is developed faster in skim milk than in whole milk, at higher temperature, 
and at higher pH (Burton, 1995). A milk model system consisted of lactose, casein, and whey 
proteins developed browning quicker upon heating than the counterpart prepared without 
whey proteins (Stanciuc, Rapeanu, & Stanciu, 2010). 
Reduced turbidity or lightness was observed in milk upon HPP (300–600 MPa up to 
60 min) particularly above 300 MPa due to decreased casein size, from ~200 to ~100 nm, 
regardless to the holding temperature (10–40 °C) (Anema, Lowe, & Stockmann, 2005). This 
translucent milk slowly (in several days) regained its turbidity during cold storage (~5 °C). 
Heating up to ~70 °C accelerated this transformation and an appearance close to the native 
milk was obtained (Considine, Patel, Anema, Singh, & Creamer, 2007). 
Holding temperature only contributed to the reduction of lightnesss of skim milk 
when mild pressure (e.g., 250 MPa) was applied (Gaucheron et al., 1997). A higher 
temperature (40 °C) during HPP (250 MPa for 30 min) gave slightly higher lightness value, 
for example HPP (250 MPa for 30 min) at 40 °C resulted in lightness value of 66 whereas 
HPP (250 MPa for 30 min) at 4 °C resulted in lightness value of 57. To date, there is little 
information available on how combined pressure-thermal processing affects the appearance 
of milk. 
2.4. Lactose Transformation 
There are two types of transformations of lactose. The first are the Lobry de Bryun-
Alberda Van Ekenstein rearrangements, which result in disaccharide isomerisation (lactulose 
and epilactose) and degradation into monosaccharides (galactose and tagatose). The second 
transformation is through Maillard reaction which produces Amadori compounds ϵ-N-
deoxylactulosyl-lysine and ϵ-N-deoxyfructosyl-lysine at the early stages. The major lactose 
transformation in heated (110–150 °C) milk follows the first scheme (80%) and the rest 
follows the latter (Berg and van Boekel, 1994). Further heating leads to the formation of 
reductones, furfurals, acids, volatile compounds, and insoluble pigments (Troyano, 
Martinez-Castro, & Olano, 1992). 
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To the best of our knowledge, there are no published results on lactose 
transformation in milk as affected by high pressure both at moderate and/or high 
temperatures. However, several remarkable studies were carried out regarding the effect of 
thermal treatment alone. In contrast, much fewer studies were performed on lactose (in 
solutions) degradation and/or isomerisation as affected by HPP. 
Honer and Tuckey (1953) showed increased and decreased quantity of galactose and 
glucose in milk, respectively, upon autoclaving (102.4 °C for 15 min). Later, Adachi (1958) 
reported an increase of galactose, lactulose, and tagatose, together with a decrease of 
lactose and glucose for severely heated milk (120 °C for 10 h). Lactulose also appears in 
commercial milk products, such as evaporated milk (Adachi & Patton, 1961) and UHT milk 
(Datta, Elliott, Perkins, & Deeth, 2002). A quantification of monosaccharides in commercially 
heated milks (pasteurised, UHT, powder, and sterilised) revealed increased galactose 
concentration in all processed milk compared to that of raw milk (Troyano, Villamiel, Olano, 
Sanz, & Martinez-Castro, 1996). Milk which undergone a severe thermal processing (i.e., 
115–135 °C up to 90 min) possessed high amount of galactose and tagatose (Troyano et al., 
1992). Tagatose and 3-deoxypentulose appeared only in sterilised milk, which made it 
different from UHT milk (Troyano et al., 1996). 
Calvo and Olano (1989) confirmed the formation of galactose from lactose 
degradation instead of glycoprotein. Lactose underwent isomerisation into epilactose during 
sterilisation (120 °C for 20 min) instead of pasteurisation (63 °C for 30 min); a significant 
amount of lactulose was also obtained upon sterilisation, however the presence of proteins 
decreased its amount presumably due to reaction between lactulose and proteins. 
A study of lactose 10% in alkaline media as affected by moderate HPTP was done by 
Moreno, Villamiel, and Olano (2003). High pressure hampered the formation of isomeric 
disaccharides (lactulose and epilactose) and galactose in alkaline media. Lactose 10% w/w in 
sodium carbonate-bicarbonate buffer (pH 10.0) subjected to HPTP (400 MPa, 60 °C, 3 h) 
achieved 7.8% lactose conversion into lactulose and 1.8% lactose degradation into 
galactose. In comparison, thermal treatment at 60 °C for 3 h at atmospheric pressure 
resulted in 18.8 and 12.6% conversion into lactulose and galactose, respectively. 
Carbohydrate browning (measured at 420 nm) was also supressed under HPTP condition. 
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2.5. Proteolysis of Milk 
A number of scientific articles on enzymatic proteolysis of milk are available. 
However, limited numbers deal with heat-induced proteolysis, and very few underline the 
proteolysis as driven solely by high pressure or in combination with thermal treatments. 
In general, thermal processing of milk and its model systems induced proteolysis as 
shown by an increase of non-protein nitrogen (NPN) and peptides. The increase is rapid and 
linear during the first 30 min of heating for whole milk (60–100 °C) (Hindle & Wheelock, 
1970), skim milk (120 °C) (Gaucheron, Mollé, Briard, & Léonil, 1999), Na-caseinate solution 
in water (2.5% w/v, pH 7.0, 140 °C) (Hustinx, Singh, & Fox, 1997), and phosphocaseinate 
solution in both natural and artificial milk serum (120 °C) (Gaucheron et al., 1999). There is 
no major effect of the medium containing casein (i.e., skim milk or phosphocaseinate 
dispersed in either natural or artificial milk serum) on the peptide profiles obtained after 
heat treatment. Lactosylation of caseins, however, was not detected in a system prepared 
with artificial milk serum as it did not contain any sugar (Gaucheron et al., 1999). 
2.5.1. Milk Protein Hydrolysis as Influenced by Thermal Processing 
Temperature is one of the parameters that promote hydrolysis. Mild heating for an 
extended period of time (37 °C for 8 h on whole milk) hardly resulted in any peptide release 
(Hindle & Wheelock, 1970). A higher temperature (≥ 60 °C) was required to induce 
proteolysis. Release of glycopeptides started at a milder heating, i.e., 50 °C for 30 min. Both 
of them were continuously released at higher temperatures (≥ 80 °C). 
Heating (110–150 °C) up to 90 min of raw skim milk destabilised caseins (i.e., 
dephosphorylation and κ-casein hydrolysis), denatured whey proteins, and produced acid 
from lactose (Burton, 1984). Heating at a higher temperature (≥ 120 °C for 20 min) gave less 
insoluble fraction (IF) than that of raw milk (after centrifugation at 175,000×g, and 20 °C for 
90 min). Seemingly, casein and whey protein broke down during heating; thus, they formed 
heterogeneous mixtures of polypeptides, which were soluble and had molecular weights 
similar to those of their original proteins (Creamer & Matheson, 1980). 
Heat-induced soluble casein was previously reported for whey-depleted skim milk 
upon heating at 135 °C for 15 s, ranging from 45 to 306 mg/100 mL, with κ-casein as the 
dominant protein (Aoki, Suziki, & Imamura, 1975). An increase of soluble peptides (at either 
2% TCA or pH 4.6) was also observed for Na-caseinate solutions (2.5% w/v in water, pH 7.0) 
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following heat treatment at 140 °C up to 120 min. The amount of soluble peptides went up 
linearly with increasing treatment time up to 100 min (Hustinx et al., 1997). 
Shorter heat treatment of raw skim milk for commercial application, i.e., milk 
sterilisation (preheating at 82 °C for 20 s followed by heating at 140 °C for 4 s), released 181 
different peptides (39, 39, 15, and 7% were resulted from proteolysis of αs1-, β, αs2-, and κ-
caseins, respectively) (Gaucher, Molle, Gagnaire, & Gaucheron, 2008). Considering the 
percentages of the original molecular compositions of caseins in milk (40, 37, 10, and 13% 
for αs1-, β, αs2-, and κ-caseins, respectively), Gaucher et al. (2008) suggested that there was 
not any preferential hydrolysis of caseins. This finding contradicted a previous study from 
the same author (Gaucheron et al., 1999), stating that there was no low molecular weight 
peptides (LMWPs) released from αs2-casein as well as whey proteins following thermal 
treatment (120 °C up to 25 min) of skim milk. 
Having more cleaved bonds, αs1-casein is more vulnerable to heating compared to 
other caseins. Based on their study on heated (140 °C for 120 min) Na-caseinate in water 
(2.5% w/v, pH 7.0), Hustinx et al. (1997) concluded that the major peptides released came 
from αs1-casein with hydrolysed peptidic bonds involving Asp/Asn/Pro residues. Meltretter, 
Schmidt, Humeny, Becker, and Pischetsrieder (2008) recently explained that the release of 
LMWPs upon thermal treatment came from casein fragmentations instead of whey 
proteins. Heating casein (precipitated from raw milk at pH 4.6 and redissolved in artificial 
milk serum) at 120 °C for 30 min confirmed the peptide formation which was not generated 
from whey (separated from raw milk by precipitation at pH 4.6 and then pH readjusted to 
6.8) subjected to the same heat treatment. The Maillard reaction was suspected to cause 
the casein fragmentation by triggering radical formation followed by attacking protein 
backbone. The same study also highlighted that pasteurised milk did not have such LMWP 
profile due to inadequate heat supply during the pasteurisation. In contrast, UHT milk 
exhibited all five LMWPs which were also present in heated skim milk (120 °C for 30 min). 
2.5.2. Milk Protein Hydrolysis as Influenced by High Pressure Processing 
HPTP may reduce the minimum temperature required to induce proteolysis. As 
reported by Nabhan, Girardet, Campagna, Gaillard, and Le Roux (2004), raw skim milk 
subjected to HPTP (500 MPa and 55 °C for 5 min) resulted in β-casein breakdown, as 
indicated by the finding of its amino-terminal fraction (Arg-Glu-Leu-Glu-Glu-Leu-Asn-Val-
61 
 
Pro) with an apparent molecular weight of 22 kDa. However, this breakdown was possibly 
driven by neutral proteases released from somatic cells present in milk. 
Subjecting milk or milk proteins to high pressures can enhance enzymatic proteolysis 
if the proteins retain unfolded upon decompression (Belloque, Chicón, & López-Fandiño, 
2007). β-lactoglobulin (2.5 mg/mL in 50 mM Tris-HCl buffer, pH 6.8) after pressure treated 
at 400 MPa at 25 °C for 20 min was more susceptible to enzymatic proteolysis with 
chymotrypsin (enzyme to substrate (E/S) ratio of 1/20, at 37 °C, 5 min) compared to the 
unpressurised β-lactoglobulin, as illustrated by increase hydrolysis from ~13% (without pre-
pressurisation) to ~75% (with pre-pressurisation). The proteolysis, however, was further 
enhanced when it was performed under pressure. As a comparison, a complete proteolysis 
was achieved at 200 MPa (at 37 °C for 5 min). Pre-treatment at lower pressure (200 MPa), 
higher temperature (37 °C), and lower pH (2.5) did not contribute to enzymatic proteolysis 
because the β-lactoglobulin refolding occured faster (<5 min) and was more complete. 
Longer and more hydrophobic peptides were obtained after the hydrolysis of pre-
pressure-treated (100–400 MPa and 22–25 °C for 20 min) β-lactoglobulin-A (4.75 mg/mL, in 
50 mM Tris-HCl buffer, pH 6.8) regardless the used enzymes, trypsin (Chicón, Belloque, 
Recio, & López-Fandino, 2006a) and chymotrypsin (Chicón, López-Fandiño, Quirós, & 
Belloque, 2006b), both were immediately added after decompression, with E/S of 1:20 at 37 
°C for 5–60 min. This finding suggested that improved proteolysis of pre-pressure-treated 
proteins was related to the changes in the structural arrangement of the proteins (e.g., 
through dimer dissociation) instead of the enzymes. 
Knudsen, Otte, Olsen, and Skibsted (2002) observed accelerated proteolysis (at 37 °C 
with trypsin and chmyotrypsin, E/S of 1:20 and 1:40, respectively, started 30 min after 
pressure release) of pre-pressure-treated (300 or 450 MPa, 25 °C, 15 min) β-lactoglobulin 
solution (8.1 mg/mL in 0.075 mol/L of Tris-HCl, pH 7.5) which resulted in larger and more 
hydrophobic fragments than those obtained from the enzymatic proteolysis of native β-
lactoglobulin solution. In the same study, β-lactoglobulin solution undergone pre-pressure-
treatment at 150 MPa (25 °C for 15 min) did not demonstrate significant changes in both 
enzymatic proteolysis rate and peptide profile in comparison to those resulted in from 
enzymatic proteolysis of native β-lactoglobulin solution. 
Chicon et al. (2006 a) mentioned that pre-pressure treatment as low as 100 MPa (20 
°C for 20 min) was able to accelerate enzymatic proteolysis of β-lactoglobulin solution, 
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which contradicted the finding of Knudsen et al. (2002) which implied that pre-pressure 
treatment at 150 MPa (25 °C for 15 min) hardly affected proteolysis rate. Regardless the 
difference in protein and buffer concentrations used by Chicon et al. (2006 a) and Knudsen 
et al. (2002), the contradiction is more likely due to time interval prior to enzyme addition. 
According to Chicon et al. (2006 a), enzyme addition at 30 min after decompression which 
was applied by Knudsen et al. (2002) was too late and, thus, facilitated the refolding of 
protein to its native form. 
2.6. Protein Aggregation in Milk during Thermal and High Pressure Treatments 
During heat treatment, whey proteins undergo denaturation and possibly 
aggregation, via disulfide bonds and non-disulfide covalent bonds (Chevalier & Kelly, 2002; 
Oh & Richardson, 1991). Since milk is a complex system, analysing milk protein in its entirety 
is hardly possible. Pre-fractionation can be taken prior to proteomic analysis using gel 
electrophoresis and mass spectrometry (MS). Polyacrylamide gel electrophoresis (PAGE), 
particularly the bi-dimensional, is still the most robust tool in analysing intact protein 
complexes. MS enables protein sequencing to identify the constructive amino acids 
(Roncada, Piras, Soggiu, Turk, Urbani, & Bonizzi, 2012). 
2.6.1. Protein Aggregation in Milk during Heating 
Native protein complexes in raw milk (heated to 50 °C and then skimmed) comprised 
of αs2-casein (18%), β-lactoglobulin (25%), and κ-casein (46%) (Chevalier and Kelly, 2010). 
The complexes were homo- (55%) and hetero-polymers (45%). The homo-polymers were 
αs2-casein (43%) and κ-casein (12%) since each of them had two cysteine residual groups. 
The hetero-polymers comprised of either αs2-casein or κ-casein, or both caseins conjugated 
with other proteins; or simply consisted of both caseins. 
Pasteurisation (72 °C for 15 s) did not visually change the band of native κ-casein 
homo-polymers and those of β-lactoglobulin and κ-casein monomers (Patel, Singh, Anema, 
& Creamer, 2006). The minor whey proteins (bovine serum albumin (BSA), immunoglobulin 
(IgG), and lactoferrin (LF)), however, denatured and formed aggregates. 
The amount of insoluble fraction (IF) (isolated through centrifugation at 175,000×g, 
and 20 °C for 90 min) of milk increased following heating (up to 115 °C for 20 min) due to 
whey protein denaturation and aggregation with casein (Creamer & Matheson, 1980). 
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Recently, Chevalier and Kelly (2012) observed the transfer of sodium dodecyl sulphate 
(SDS)-monomeric whey and casein (except for αs1-casein and β-casein) into protein 
complexes in heated skim milk (90 °C up to 30 min). This transfer was rapid in the first 5 
min, following this order: BSA>β-lactoglobulin>κ-casein>α-lactalbumin>αS2-casein. The 
transfer of BSA to caseins in heated skim milk (95 °C up to 20 min), however, was slower 
than that of IgG (Oh & Richardson, 1991). 
Heating at 100 °C for 120 s resulted in the dissapperance of minor whey proteins’ 
bands (i.e., BSA, IgG, and LF) along with that of αS2-casein in the SDS-PAGE possibly due to 
denaturation and/or aggregation; whereas those of major whey proteins (β-lactoglobulin 
and α-lactalbumin) and κ-casein still remained with much lower intensity than those of 
control milk (raw milk, heated to 40 °C, and skimmed). The heat treatment induced 
aggregation through disulfide bonding with the aggregates comprised of all whey proteins 
and κ-casein, and to lesser extent αS2-casein (Patel et al., 2006). The same study also 
revealed that heating at higher temperature (i.e., 120 °C for 120 s) opens the possibility to 
completely incorporate both αS2-casein monomers and dimers into protein aggregates 
through disulfide bonding. 
According to Chevalier and Kelly (2010), protein aggregates, which comprised of 
either αs1-casein or β-casein (both do not have any cysteine residues), or both, were 
possibly linked through non-disulfide bonding, i.e., glycation cross-links or strong 
ionic/hydrophobic links, which were too difficult to break by SDS during electrophoresis 
(Chevalier & Kelly, 2010). IgG and casein formed protein aggregates through non-covalent 
bonding (Oh & Richardson, 1991). 
Pizzano, Manzo, Nicolai, and Addeo (2012) recently reported that BSA, β-
lactoglobulin, and a little amount of α-lactalbumin aggregated with caseins and collected in 
the IFs of commercial UHT milks (90 day old since packaging date) after acidification to pH 
4.6. Whey proteins and caseins aggregated through disulfide bonding and non-disulfide 
bonding. The non-disulfide linked aggregates comprised of αs1-casein. The disulfide-bonded 
complexes, hardly noticed in raw milk but abundant in UHT milk, consisted of αs2- and κ-
caseins. The analysis of the soluble fractions (SFs) of both raw and UHT milks displayed 
lesser amount of non-reduced β-lactoglobulin, α-lactalbumin, and BSA following UHT. IgG, 
which appeared in the SF of raw milk, was not detected in both SF and IF of UHT milks. The 
supra-molecular aggregates (>200 kDa) were formed by β-lactoglobulin, α-lactalbumin, BSA, 
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and κ-casein entirely via disulfide bonding. The migrations of α-lactalbumin and BSA from SF 
of raw milk to IF of UHT milk was 30 and 90%, respectively. The thermal aggregation and 
precipitation at pH 4.6 was believed to follow their heat sensitivity, from rapid to slow as 
follows: BSA> β-lactoglobulin> α-lactalbumin. 
2.6.2. Protein Aggregation in Milk under the Influence of High Pressure 
Comparison of protein rearrangement through disulfide bonds as assisted by 
thermal and high pressure treatment of skim milk was conducted by Patel et al. (2006). The 
formation of protein complexes as induced by pressure takes a different pathway from the 
one induced by thermal processing; for example, the aggregates occurring due to heating at 
85–90 °C involved κ-casein instead of αS2-casein because κ-casein on the micelle surface was 
more accessible. Only severe heating (i.e., 120 °C for 120 s) was able to incorporate much 
αS2-casein into protein complexes. HPP (≥ 400 MPa, 22 °C, 30 min), however, could reduce 
the temperature required for accessing the disulfide bond of αS2-casein. In general, 
increasing pressures from 200 to 800 MPa (30 min, 22 °C) resulted in more aggregates in 
milk; however, they were not as big as those generated through heat treatment (i.e., 120 °C 
for 120 s) which could not enter the gel electrophoresis loading well. These aggregates were 
linked via reducible covalent bonds. With increasing pressures, the quantities of β-
lactoglobulin, κ-casein, and monomer αs2-casein decreased due to their transfers into 
protein complexes. The amount of dimer αs2-casein, however, did not change significantly 
(Patel et al., 2006). The development of the aggregates as assisted by HPP is summarised in 
Table 2-1. 
Table 2-1. Formation of aggregates in skim milk (prepared from raw milk, heated to 40 °C 
and skimmed) due to HPP (at 22 °C for 30 min) as resolved by gel electrophoresis (Patel et 
al., 2006) 
Pressures (MPa) Observed changes in gel electrophoresis 
200 Reduced amounts of mono, di, tri, and tetrameric forms of β-
lactoglobulin. Larger β-lactoglobulin polymers were formed. 
Complexes of β-lactoglobulin and κ-casein started to form. 
400 β-lactoglobulin polymers aggregated with κ-casein and a minor 
amount of monomer αs2-casein. 
600 More aggregates were formed which also incorporated α-
lactalbumin.  
800 Minor whey proteins and possibly dimer αs2-casein were integrated 
into the aggregates. 
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When HPP was performed at elevated temperatures (500 MPa and 55 °C for 5 min or 
600 MPa and 70 °C for 5 min), the presence of αS1-casein within the aggregates was noticed, 
however, no αS2-casein was detected (Nabhan et al., 2004). The same study revealed two 
major aggregates with molecular masses of 440–2000 kDa for the first and > 2000 kDa for 
the second one, obtained in the milk lactoplasma (fractionated through ultracentrifugation 
at 15,000×g and 4 °C for 60 min) upon of treatments at 500 and 600 MPa. The aggregates 
were formed by high amounts of κ-casein, β-lactoglobulin, and α-lactalbumin monomers 
through disulfide links and small amounts of αS1-casein through physicochemical 
interactions, in proportions of 1.0:0.7:0.3:0.1, respectively. The involvement of minor whey 
proteins (BSA, IgG, and LF) to the aggregates was limited. Under the observed condition(s), 
the aggregation occurred rapidly as no oligomeric β-lactoglobulin was obtained following 
HPTP. No casein release was detected. Lactoslylation and proteolysis were very limited. An 
equal amount of β-lg monomers was suggested to undergo either homo- or hetero-
polymerisation during HPTP at 500 or 600 MPa (Nabhan et al., 2004). 
2.7. Conclusions 
HPTP is a promising technology to extend shelf-life of milk with retained nutrients 
and satisfying sensory properties. However, only a few publications addressing the physical 
and chemical quality of milk preserved through HPTP are available. Among them, the study 
focusing on the volatile profile of milk is a notable one. Moderate HPTP resulted in milk with 
a volatile profile close to that of commercial pasteurised milk with 4–5 weeks longer 
refrigerated shelf-life. 
The appearance of milk subjected to combined high pressure and thermal processing 
is not yet known, however, there is a possibility that the appearance of milk upon HPTP 
might not be similar to that of fresh milk since pressure treated milk is characterised by 
reduced turbidity while heated milk develops non-enzymatic browning. 
Transformation of lactose in milk following HPTP is another point to be considered. 
Heating alone triggers both lactose isomerisation and degradation in milk. Severe and 
prolonged heating can induce the formation of acid and insoluble pigments, which may not 
be desired in the final milk products. Lactose in alkaline media as subjected to moderate 
HPTP experienced hampered lactose isomerisation and degradation. This result may 
indicate the possibility of HPTP to reduce lactose degradation in sterilised milk. 
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HPTP also changes the protein arrangements in milk. Heat-induced proteolysis of 
milk may occur at lower temperature if high pressure is applied. Casein micelle 
conformation is altered due to high pressure, creating a greater chance for major whey 
proteins to access αs2-casein to form aggregate. Without the influence of high pressure, a 
strong heat treatment (i.e., 120 °C for 120 s) is required to destabilise casein structure, thus, 
heating at lower temperatures (i.e., 90 °C) will incude aggregation of whey proteins with κ-
casein rather than αs2-casein. HPTP (400 MPa, 22 °C, 30 min), however, induced the 
aggregation of whey protein with both κ-casein and αs2-casein. 
The facts that HPTP to some extent promotes and suppresses reactions in milk 
should be taken into account by dairy industries in conducting feasibility studies prior to 
adopting this technology. Performing comprehensive experiments and developing the 
related models will help in the mapping of efficient and effective HPTP for delivering milk 
with high quality from microbial, chemical, and physical perspectives. 
67 
 
References 
Adachi, S. (1958). Formation of lactulose and tagatose from lactose in strongly heated milk. 
Nature, 181, 840-841. 
Adachi, S., & Patton, S. (1961). Presence and significance of lactulose in milk products: a 
review. Journal of Dairy Science, 44(8), 1375-1393. 
Anema, S.G., Lowe, E.K., & Stockmann, R. (2005). Particle size changes and casein 
solubilisation in high-pressure-treated skim milk. Food Hydrocolloids, 19(2), 257-267. 
Aoki, T., Suziki, H., & Imamura, T. (1975). Some properties of soluble casein in heated 
concentrated whey protein-free milk. Milchwissenschaft, 30, 30-35. 
Belloque, J., Chicón, R., & López-Fandiño, R. (2007). Unfolding and refolding of β-
lactoglobulin subjected to high hydrostatic pressure at different pH values and 
temperatures and its influence on proteolysis. Journal of Agricultural and Food 
Chemistry, 55(13), 5282-5288. 
Berg, H.E., & van Boekel, M. (1994). Degradation of lactose during heating of milk. 1. 
Reaction pathways. Netherlands Milk and Dairy Journal, 48(3), 157-175. 
Burton, H. (1984). Reviews of the progress of Dairy Science: The bacteriological chemical, 
biochemical and physical changes that occur in milk at temperatures of 100-150 
degree C. Journal of Dairy Research, 51(2), 341-363. 
Burton, H. (1955). 574. Colour changes in heated and unheated milk: II. The whitening of 
milk on heating. Journal of Dairy Research, 22(01), 74-81. 
Burton, H. (1954). 550. Colour changes in heated and unheated milk: I. The browning of milk 
on heating. Journal of Dairy Research, 21(02), 194-203. 
Calvo, M.M., & Olano, A. (1989). Formation of galactose during heat treatment of milk and 
model systems. Journal of Dairy Research, 56(05), 737-740. 
Chevalier, F., & Kelly, A.L. (2010). Proteomic quantification of disulfide-linked polymers in 
raw and heated bovine milk. Journal of Agricultural and Food Chemistry, 58(12), 
7437-7444. 
Chicón, R., Belloque, J., Recio, I., & López-Fandino, R. (2006a). Influence of high hydrostatic 
pressure on the proteolysis of β-lactoglobulin A by trypsin. Journal of Dairy Research, 
73(01), 121-128. 
Chicón, R., López-Fandiño, R., Quirós, A., & Belloque, J. (2006b). Changes in chymotrypsin 
hydrolysis of β-lactoglobulin A induced by high hydrostatic pressure. Journal of 
Agricultural and Food Chemistry, 54(6), 2333-2341. 
Considine, T., Patel, H., Anema, S., Singh, H., & Creamer, L. (2007). Interactions of milk 
proteins during heat and high hydrostatic pressure treatments—a review. Innovative 
Food Science & Emerging Technologies, 8(1), 1-23. 
68 
 
Creamer, L.K., & Matheson, A. (1980). Effect of heat treatment on the proteins of 
pasteurized skim milk. New Zealand Journal of Dairy Science and Technology, 15(1), 
37-49. 
Datta, N., Elliott, A. J., Perkins, M.L., & Deeth, H. C. (2002). Ultra-high-temperature (UHT) 
treatment of milk: comparison of direct and indirect modes of heating. Australian 
Journal of Dairy Technology, 57(3), 211-227. 
Gaucher, I., Molle, D., Gagnaire, V., & Gaucheron, F. (2008). Effects of storage temperature 
on physico-chemical characteristics of semi-skimmed UHT milk. Food Hydrocolloids, 
22(1), 130-143. 
Gaucheron, F., Mollé, D., Briard, V., & Léonil, J. (1999). Identification of low molar mass 
peptides released during sterilization of milk. International Dairy Journal, 9(8), 515-
521. 
Gaucheron, F., Famelart, M., Mariette, F., Raulot, K., Michela, F., & Le Graeta, Y. (1997). 
Combined effects of temperature and high-pressure treatments on physicochemical 
characteristics of skim milk. Food Chemistry, 59(3), 439-447. 
Hayakawa, I., Kanno, T., Tomita, M., & Fujio, Y. (1994). Application of high pressure for spore 
inactivation and protein denaturation. Journal of Food Science, 59(1), 159-163. 
Hindle, E., & Wheelock, J. (1970). The release of peptides and glycopeptides by the action of 
heat on cow's milk. Journal of Dairy Research, 37, 397-405. 
Hite, B.H. (1899). The effect of pressure in the preservation of milk. West Virginia 
Agricultural Experimental Station Bulletin, 58, 15-35. 
Honer, C., & Tuckey, S. (1953). Chromatographic studies of reducing sugars, other than 
lactose in raw and autoclaved milk,(abs.). Journal of. Dairy Science, 36, 559. 
Hustinx, J.C.A., Singh, T.K., & Fox, P.F. (1997). Heat-induced hydrolysis of sodium caseinate. 
International Dairy Journal, 7(4), 207-212. 
Knudsen, J., Otte, J., Olsen, K., & Skibsted, L. (2002). Effect of high hydrostatic pressure on 
the conformation of β-lactoglobulin A as assessed by proteolytic peptide profiling. 
International Dairy Journal, 12(10), 791-803. 
Meltretter, J., Schmidt, A., Humeny, A., Becker, C.-M., & Pischetsrieder, M. (2008). Analysis 
of the peptide profile of milk and its changes during thermal treatment and storage. 
Journal of Agricultural and Food Chemistry, 56(9), 2899-2906. 
Moreno, F.J., Villamiel, M., & Olano, A. (2003). Effect of high pressure on isomerization and 
degradation of lactose in alkaline media. Journal of Agricultural and Food Chemistry, 
51(7), 1894-1896. 
69 
 
Mujica-Paz, H., Valdez-Fragoso, A., Samson, C.T., Welti-Chanes, J., & Torres, J.A. (2011). 
High-Pressure Processing Technologies for the Pasteurization and Sterilization of 
Foods. Food and Bioprocess Technology, 4(6), 969-985. 
Mussa, D., & Ramaswamy, H. (1997). Ultra high pressure pasteurization of milk: kinetics of 
microbial destruction and changes in physico-chemical characteristics. LWT-Food 
Science and Technology, 30(6), 551-557. 
Nabhan, M.A., Girardet, J.M., Campagna, S., Gaillard, J.L., & Le Roux, Y. (2004). Isolation and 
characterization of copolymers of beta-lactoglobulin, alpha-lactalbumin, kappa-
casein, and alpha(s1)-casein generated by pressurization and thermal treatment of 
raw milk. Journal of Dairy Science, 87(11), 3614-3622. 
Oh, S., & Richardson, T. (1991). Heat-induced interactions of bovine serum albumin and 
immunoglobulin. Journal of Dairy Science, 74(6), 1786-1790. 
Patel, H.A., Singh, H., Anema, S.G., & Creamer, L.K. (2006). Effects of heat and high 
hydrostatic pressure treatments on disulfide bonding interchanges among the 
proteins in skim milk. Journal of Agricultural and Food Chemistry, 54(9), 3409-3420. 
Patterson, M.E., & Kilpatrick, D.J. (1998). The combined effect of high hydrostatic pressure 
and mild heat on inactivation of pathogens in milk and poultry. Journal of Food 
Protection, 61(4), 432-436. 
Pizzano, R., Manzo, C., Nicolai, M.A., & Addeo, F. (2012). Occurence of major whey proteins 
in the pH 4.6 insoluble protein fraction from UHT-treated milk. Journal of 
Agricultural and Food Chemistry, 60(32), 8044-8050. 
Roncada, P., Piras, C., Soggiu, A., Turk, R., Urbani, A., & Bonizzi, L. (2012). Farm animal milk 
proteomics. Journal of Proteomics, 75(14), 4259-4274. 
Segovia Bravo, K., Ramírez, R., Durst, R., Escobedo-Avellaneda, Z., Welti-Chanes, J., Sanz, P., 
& Torres, J.A. (2012). Formation risk of toxic and other unwanted compounds in 
pressure-assisted thermally processed foods. Journal of Food Science, 77, R1-R10. 
Stanciuc, N., Rapeanu, G., & Stanciu, S. (2010). Quantitative evaluation of colour 
development in milk model systems during heat treatment: a kinetic study. 
Romanian Biotechnological Letters, 15(3), 5331-5341. 
Torres, J.A., Sanz, P.D., Otero, L., Pérez Lamela, M.C., & Aranda Saldaña, M.D. (2009). 
Temperature distribution and chemical reactions in foods treated by pressure-
assisted thermal processing. In E. Ortega-Rivas (Ed.), Processing Effects on Safety and 
Quality of Foods (pp. 415-440). Boca Raton, Florida: CRC Press. 
Troyano, E., Martinez-Castro, I., & Olano, A. (1992). Kinetics of galactose and tagatose 
formation during heat-treatment of milk. Food Chemistry, 45(1), 41-43. 
70 
 
Troyano, E., Villamiel, M., Olano, A., Sanz, J., & Martinez-Castro, I. (1996). Monosaccharides 
and myo-inositol in commercial milks. Journal of Agricultural and Food Chemistry, 
44(3), 815-817. 
Van der Plancken, I., Verbeyst, L., De Vleeschouwer, K., Grauwet, T., Heiniö, R.-L., Husband, 
F.A., . . . Hendrickx, M. (2012). (Bio)chemical reactions during high pressure/high 
temperature processing affect safety and quality of plant-based foods. Trends in 
Food Science & Technology, 23(1), 28-38. 
Vazquez-Landaverde, P.A., Qian, M. C., & Torres, J.A. (2007). Kinetic Analysis of Volatile 
Formation in Milk Subjected to Pressure-Assisted Thermal Treatments. Journal of 
Food Science, 72(7), E389-E398. 
Vazquez-Landaverde, P.A., Torres, J.A., & Qian, M.C. (2006). Effect of High-
Pressure−Moderate-Temperature Processing on the Volatile Profile of Milk. Journal 
of Agricultural and Food Chemistry, 54(24), 9184-9192. 
Williams, R.P.W. (2002). The relationship between the composition of milk and the 
properties of bulk milk products. [Review]. Australian Journal of Dairy Technology, 
57(1), 30-44. 
Wilson, D.R., Dabrowski, L., Stringer, S., Moezelaar, R., & Brocklehurst, T.F. (2008). High 
pressure in combination with elevated temperature as a method for the sterilisation 
of food. Trends in Food Science & Technology, 19(6), 289-299. 
71 
 
3. Materials and Instruments 
 
72 
 
Abbreviations 
A  Absorbance 
ATR  Attenuated Total Reflectance 
aw  water activity 
Å  Angstrom 
a*  the green-red co-ordinate 
b*  the blue-yellow co-ordinate 
CG  concentrations of the analyte compounds filling the headspace 
CIE  Commission Internationale de L'éclairage 
CL  concentrations of the analyte compounds in the liquid phase 
CLSM  Confocal Laser Scanning Microscopy 
Cp   heat capacity 
Cp
ex   the difference in heat capacity between the sample solution relative to the 
reference solution 
CS  concentrations of the analyte compounds in the solid phase 
Da  Dalton 
DSC  Differential Scanning Calorimetry 
FRc  control fluorescence 
FRm  sample fluorescence 
FTIR  Fourier Transform Infrared Spectrometry 
HPP  High Pressure Processing 
GC  Gas Chromatography 
GCMS  Gas Chromatography Mass Spectrometry 
G*  complex modulus (Pa) 
G’  storage modulus (Pa) 
G”  loss modulus (Pa) 
I   intensity in the sample spectrum 
Io  intensity in the background spectrum 
IS  Internal Standard 
IEP  Iso-Electric Point 
k  retention factor 
K  partition coefficient 
LM  Light Microscopy 
LVR  Linear Viscoelastic Region 
L*  the lightness 
MS  Mass Spectrometry 
m/z  mass-to-charge ratio 
NAC  N-acetyl-L-cysteine 
OPA  ortho-phtalaldehyde 
RPC  Reverse Phase Chromatography 
r
2  coefficient of determination  
S  electronic state 
SMP  Skim Milk Powder 
S0  ground electronic state 
S1   first excited singlet state 
T  temperature (°C) 
tan δ  loss tangent 
73 
 
Tm  transition temperature (°C) 
t0  column dead-time (min) 
tR  retention times (min) 
UV  ultraviolet 
VG  volume of the gas phase 
VL  volume of the liquid sample 
WPC  Whey Protein Concentrate 
WPI  Whey Protein Isolate 
WPNI  Whey Protein Nitrogen Index 
 
δ  path difference 
a*  the absolute differences of green-red coordinate 
b*  the absolute differences of blue-yellow coordinate  
∆∗       total colour difference 
∆Hm  enthalpy of transition 
L  the absolute differences of lightness 
λ  wavelength (nm) 
λem  emission wavelength (nm) 
λex  excitation wavelength (nm) 
             shear rate (s-1) 
η  viscosity (Pa.s) 
ηa  apparent viscosity (Pa.s) 
η0  zero-shear rate viscosity (Pa.s) 
%T  percent transmittance 
σ  shear stress (Pa) 
σo  yield stress (Pa) 
ω  frequency of oscillation (rad/s) 
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3.1. Materials 
3.1.1. Skim Milk Powder 
Milk powder is the dehydrated form of skim milk, produced for achieving longer 
stability during storage prior to later usage. The most frequently used technique for 
dehydrating milk is spray drying. The bulk density of milk powder is dependent on several 
variables such as the fat content, quantity of trapped air, processing methods, and testing 
conditions (Baldwin & Pearce, 2005). The aerated bulk density of skim milk powder (SMP) is 
between 0.30 and 0.62 g/mL, while the packed bulk density is between 0.44 and 0.88 g/mL 
(Sharma, Jana, & Chavan, 2012). 
The production of SMP is schematically presented as Figure 3-1. The skimming 
process is aimed to reduce the fat content to reach the skim milk standard, i.e., maximum 
1.5 gram/1 kg according to Australia New Zealand Food Standard Code (ComLaw, 2011). The 
composition of skim milk and non-fat milk solids is given in Table 3-1. Quality milk powder 
should have a water activity (aw) close to 0.2 at 25 °C with the corresponding moisture 
content about 4% for SMP. Milk powder should be stored below its glass transition 
temperature which is close to 40–50°C at 0.2 aw (Schuck, 2008). 
Table 3-1. The composition of skim milk and skim milk powder (Chandan, 1997) 
Constituents 
Percentages (%) 
in skim milka 
Percentages (%) in non-
fat solids of skim milk 
Water 90.62 0.00 
Lactose 4.98 52.15 
Casein 2.90 31.18 
Minerals 0.73 8.06 
Whey Protein 0.62 7.53 
Fat 0.15 1.08 
a Estimated from gross composition of milk with an assumption that the fat content in 
skim milk is 1.5 gram/kg (maximum amount of milk fat in SMP according to Australia 
New Zealand Food Standard Code (ComLaw, 2011)) 
Milk dehydration processing affects the nutritional quality of the resultant milk 
powders depending on the intensity of the thermal processing applied on the milk. Loss of 
vitamins, reduction of available lysine contents, and whey protein denaturation are 
examples of altered properties triggered during the dehydration processing (Schuck, 2008). 
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Figure 3-1. Schematic diagram of the preparation of skim milk powder from raw milk 
(Baldwin & Pearce, 2005). 
Whey protein nitrogen index (WPNI or milligrams of whey protein nitrogen per gram 
of powder) is a parameter used for milk powder classification (Table 3-2). This index reflects 
the intensity of pre-heat treatment which is meant for killing microorganisms. In fact, the 
denaturation of whey protein increases proportionally with the pre-heat treatment (Schuck, 
2008). 
In order to ease milk particle dispersion during reconstitution, milk powder is 
subjected to agglomeration or instantising. The resultant agglomerates are named as instant 
milk powder which rapidly dissolves even in cold water (Sharma et al., 2012). 
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Table 3-2. Type of milk powder based on the intensity of pre-heat treatments and their 
applications (Kelly, O’Connell, & Fox, 2003) 
Heat 
classification 
Typically applied 
pre-heat 
treatment 
WPNI 
Functional 
properties 
Food applications 
Low heat 70 °C for 15 sec  > 6.0 Solubility, lack 
of cooked 
flavour 
Recombined milk, 
milk standardisation, 
cheese making 
Medium heat 85 °C for 1 min 
90 °C for 30 sec 
105 °C for 30 sec 
1.5 – 6.0 Emulsification 
foaming, water 
absorption, 
viscosity, colour, 
flavor 
Ice cream, 
chocolate, 
confectionery 
High heat 90 °C for 5 min 
120 °C for 1 min  
135 °C for 30 sec  
< 1.5 Heat stability, 
gelation, water 
absorption 
Recombined 
evaporated milk 
High high heat > 120 °C for > 40 
min 
< 1.5 Flavour, water 
binding, colour 
Bakery, recombined 
evaporated milk 
 
3.1.2. Whey Protein Isolate 
 Whey is liquid separated from milk curd after the coagulation of milk, either by 
enzyme (i.e., rennet in Cheddar cheese manufacturing) or acid (i.e., in cottage cheese), thus 
the resultant wheys is named as sweet and acid whey, respectively. The first has a pH of at 
least 5.6 while the latter has a pH no higher than 5.1 (Tunick, 2009). Approximately 90% of 
whey production is from cheese manufacturing and the rest is from caseinate production 
(Huffman & de Barros Ferreira, 2011). 
 Modern whey production utilises membrane filtration which facilitated the 
separation and fractionation of whey proteins while maintaining their solubility, followed by 
spray drying to obtain less than 5% moisture powder. By applying selective membrane 
filtrations, different protein contents can be manufactured, generally classified into whey 
protein concentrate (WPC, 20–89% protein) and whey protein isolate (WPI, ≥ 90% protein). 
WPC-35 means the whey powder containing 35% protein (Tunick, 2009). When high purity 
WPI is desired, a fractionation using ion exchange chromatography can be applied (Table 
3-3, Huffman & de Barros Ferreira, 2011). 
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Table 3-3. Typical protein and mineral composition of WPI (Huffman & de Barros Ferreira, 
2011) 
Components Microfiltration WPI (%) Ion exchange WPI (%) 
α-lactalbumin 15–22 14–26 
β-lactoglobulin 56–60 66–75 
Bovine serum albumin 1–2 3–6 
Immunoglobulins 2–5 2–3 
Glycomacropeptides 20–26 Not detected 
Lactoferrin 0–0.1 Not detected 
Peptide fragments 3–5 Not detected 
Calcium 0.3–0.6 0.08–0.11 
Sodium 0.2–0.3 0–0.5 
 Whey protein finds its applications in pharmaceutical and food industries due to its 
health value and functionality. Whey protein remains soluble in a wide pH range from 2 to 
10 and possesses good foaming ability, which is often used to form and stabilise air bubbles 
in various food products, i.e., ice creams, soufflés, and frothed drinks. Whey protein also 
contributes to better melting, slicing, and spreading of processed cheeses. Gelation is 
another functionality offered by whey protein which imparts texture and holds waters in 
food products, i.e., low fat spread and cream-cheese. Whey powder often added in biscuits 
and snack foods to improve colour and flavours upon baking/extrusion cooking (Tunick, 
2009). 
3.1.3. Gelatin 
Gelatin, a protein-based gelling agent, is a denatured collagen which constructs 
connective tissues of animals. Commercial gelatin is usually produced from bones or hides 
of cows or pigs. The preparation of gelatin from collagen is basically a depolymerisation 
process through hydrolysis. There are two different conditions used for the hydrolysis: acidic 
and alkaline hydrolysis which results in type A and type B gelatin, respectively. Gelatin varies 
in both chemical structures and physical properties due to variation of raw materials and 
processing methods (Poppe, 1992). 
Commercial gelatin is available as either pure (86–90% protein) powders or dry 
leaves, with no taste and no odour. Gelatin appears like glass and it is transparent with 
colour ranging from soft yellow to amber. The molecular weight of gelatin is about 40,000–
90,000 Da. Gelatin is structured from completely digestible amino acids, containing all the 
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essential amino acids except tryptophan, cysteine, and cystine (Table 3-4). The distinctive 
chemical structure of gelatin is due to high percentage of pyrrolidine residues 
(proline+hydroxyproline) as well as glycine which appears at every third residue (Djagny, 
Wang, & Xu, 2001; Poppe, 1992; Stevens, 2010). 
Table 3-4. Amino acid composition of gelatin, obtained after 
hydrolysis of 100 gram sample (Poppe, 1992) 
Residue Weight (g) 
Glycine 26–31 
Alanine 8–11 
Valine 2.6–3.4 
Leucine 3–3.5 
Isoleucine 1.4–2 
Phenylalanine 2–3 
Tryptophan – 
Serine 2.9–4.2 
Threonine 2.2–2.4 
Tyrosine 0.2–1 
Proline 15–18 
Hydroxyproline 13–15 
Methionine 0.7–1 
Cysteine – 
Cystine Trace 
Lysine 4–5 
Arginine 8–9 
Histidine 0.7–1 
Aspartic acid 6–7 
Glutamic acid 11–12 
Hydroxylysine 0.8–1.2 
Gelatin is often called ‘honorary polysaccharide’ because its behaviour in solution 
deviates from that of globular proteins and tends to imitate that of polysaccharides (Tombs 
& Harding, 1997). Gelatin molecules are present as random coils in sol phase and as 
organised helical structures in gel phase (Morris, 2007). 
Other important features of gelatin are its Bloom number and iso-electric point (IEP). 
Bloom number represents strength of a gelatin gel, with a concentration of 6.67% and 
prepared based on a standard method. The gel strength is defined as the force in grams, 
required to push a piston (12.7 mm in diameter) into a gel to give a 4 mm depth, without 
breaking the gel. Gelatin with Bloom Strength of 50–300 is commonly available in markets 
(Poppe, 1992). IEP, the second feature, is the point where the net charge of gelatin is zero. 
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Just like other proteins, gelatin molecules are zwitterions, having an amino- and a carboxyl-
group on each terminal end. Gelatin therefore is either positively or negatively charged 
depending on the pH of the solution. Gelatin carries positive charge in solution with pH 
below its IEP; it is negatively charged when the solution has pH above its IEP. Regardless the 
raw materials, variation of IEP is caused by the different proportions of carboxyl acid and 
amide groups. Collagen which has not been treated has an IEP of 9.4. Its amide groups are 
broken down due to hydrolysis into carboxylic acid groups. Acid treatment results in type A 
gelatin with IEP of 6–9.4 whereas alkaline extraction method results in type B gelatin with 
IEP of 4.5–5.6 (Poppe, 1992; Stevens, 2010). IEP effects functionalities of gelatin and 
contributes to either highest or lowest values of physical properties. At its IEP, gelatin 
solution has maximum turbidity, gel strength, foaming ability, and syneresis. On the 
contrary, gelatin solution at its IEP gives minimum swelling, viscosity and gelation. IEP is also 
crucial when gelatin is mixed with other food components, particularly charged polymers 
(Stevens, 2010). 
3.2. Instruments 
3.2.1. High Pressure Processing Units 
High pressure processing (HPP) is a technique to inactivate pathogenic 
microorganisms, deactivate enzyme, or alter structural properties of food to meet 
consumers’ demand on food qualities by applying elevated pressure (50–1000 MPa) (Hogan, 
Kelly, & Sun, 2005), with or without combination of heat treatment (Bermudez-Aguirre & 
Barbosa-Canovas, 2011). Avure Technologies Inc., Stansted Fluid Power, Institute of High 
Pressure Physics (also known as Unipress), and NC Hyperbaric are examples of HPP unit 
manufactures with various scales (i.e., laboratory, pilot plant, and industry). 
HPP is applied either as a batch or semi-continuous process, depending on the 
phases of the pressurised food materials. Unlike solid food which is restricted to undergo a 
batch-wise HPP, liquid or slurry fluids can also be treated in a semi-continuous HPP system. 
Juices are common products processed in a semi-continuous system in which a series of 
vessels are used: one vessel is filled with juice, one is pressurised, and one is emptied. Batch 
process, however, is the most common practice in industries at the moment (Patterson, 
Linton, & Doona, 2008). 
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In contrast to heat processing, where temperature gradients occur within the 
treated material, the HPP follows the isostatic rule, meaning that the whole processed 
material experiences a uniform pressure (Hogan et al., 2005; Patterson et al., 2008). During 
HPP, any reactions including phase changes and molecular rearrangements which result in 
negative volume changes are favoured. Oppositely, those accompanied with positive 
volume changes are suppressed (Gupta & Balasubramaniam, 2012; Hogan et al., 2005). 
There is a temperature increase during the compression due to adiabatic heating, in 
the range of 3–9 °C/100 MPa. Decompression causes temperature drop, thus the processed 
food can reach its initial temperature if there is no heat loss or heat gained during the 
pressure holding (Hogan et al., 2005; Patterson et al., 2008). 
If the product is going to be high pressure treated in its final package, the package 
has to be airtight and able to adapt with compression and expansion without losing its 
barrier and sealing properties. Liquid foods are compressed by 15–20% volume under 600 
MPa and room temperature. Flexible plastic films are suitable for this purpose although they 
are not ideal when HPP is combined with high temperature treatment. Metal cans and 
glassware are not suitable for in-package HPP (Gupta & Balasubramaniam, 2012; Hogan, et 
al., 2005). 
This PhD study used two different HPP units, a QFP 35L-600-S Food Press (Avure 
Technologies AB, Västerås, Sweden) and a multivessel high pressure apparatus U111 
(Unipress, Warsaw, Poland). 
3.2.2. Rheological Measurements of Food Systems 
Rheology is the science of the deformation and flow of matter including the 
investigation on how materials behave upon applied strain or stress. Knowledge on rheology 
of foods is necessary for numerous objectives, such as process engineering calculations of 
machines and piping, evaluation on food texture which later is linked to sensorial data, 
analysis of colloidal functionality of ingredients for product developments, and quality 
control (Steffe, 1996). Although rheological properties are at macroscopic level, they are 
directly affected by properties at microscopic level (Rao, 2007). 
The deformation of samples during the rheological measurements can be done 
through shear, extension, or bulk compression, depending on the tested materials. 
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Rheometers are used to measure rheological properties; viscometers are for measuring only 
viscosity (Steffe, 1996). 
3.2.2.1. Viscosity Measurement 
Viscosity measurement must be performed using a calibrated viscometer with a 
proper geometry, thus shear rate () can be calculated. Velocity gradient in a fluid is 
resulted from a tangentially applied shear stress (σ). Viscosity is the internal friction of fluid 
which resists the flow. Viscosity of Newtonian fluids, which is independent on shear rate, is 
symbolised as η. Viscosity of non-Newtonian fluids is called apparent viscosity, means 
dependent on shear rate, and denoted as ηa. Their relationship is expressed as Equation 3-1. 
Accordingly, a statement on an apparent viscosity value has to include the employed shear 
rate. An apparent viscosity at low shear rates is called the zero-shear rate viscosity (η0) (Rao, 
2007). 
 = shear	stressshear	rate =

  
Equation 3-1 
The relationship between shear stress and shear rate of Newtonian fluids is linear 
and starts at zero as illustrated in Figure 3-2. Shear thinning and shear thickening fluids do 
not have linear relationships between shear stress and shear rate; their relationships are 
either concave upward or concave downward; both curves start at zero. Shear thinning is 
possibly caused by the breakdown of structural units during shear. Oppositely, shear 
thickening is due to the intact solute triggered by shear. In some cases, a shear stress 
exceeding a yield stress (σo) is required commencing a flow. When the fluid follows a linear 
line with a yield stress, it fits the Bingham plastic model. If the fluid displays a shear thinning 
behaviour with a yield stress, it is named as thixotropic. The solute particles in the fluid 
needs time to connect; the bonds however are weak. Therefore, high shear reduces the size 
of the structural units and later results in decreased resistance to flow. Antixotropic, 
formerly called rheopectic, is when a fluid with a yield stress follows a shear thickening 
behaviour. Antixotropic is a rare phenomenon. The viscosity measurement of time 
dependent fluids often faces difficulties regarding to the loading of the samples into a 
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measuring geometry as structural changes which is unable to control or calculate may take 
place (Rao, 2007). 
 
Figure 3-2. Basic diagram of shear rate versus shear stress for typical time-independent 
fluids including those which require shear stress above their yield stress for flowing (A) and. 
basic diagram of time versus shear stress, at constant shear rate, for typical time-dependent 
fluids (B) (Steffe, 1996). 
For viscosity measurement, the use a proper geometry which allows a steady, 
laminar, and fully-developed flow is recommended. The measurement should be performed 
at a uniform temperature throughout the measured samples and at several shear rates. A 
single shear rate is acceptable only for Newtonian fluids. Shear stress is calculated from 
pressure drop in the case of capillary/tube and slit geometries. In rotational viscometers, 
shear stress is derived from the measured torque and the dimensions of the geometry. The 
shear rate for food studies varies depending on the processes, ranging from 10-6 to 105 s-1 
(Rao, 2007). The common geometries for rotational viscometers and/or rheometer are 
illustrated in Table 3-5. 
Both cylinder and plate geometries are suitable for studying time-dependent 
viscosity and viscoelasticity of fluids. The structural changes of the tested materials due to 
the loading, however, should be taken into account especially for cylinder geometries, in 
which the sample is firstly poured and the cylinder is afterward inserted. A recovery time 
should be allocated or in some cases the samples need to be created in situ (Rao, 2007). 
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Table 3-5. Geometries for rotational viscometers and/or rheometer used for this PhD study, 
summarised from Rao (2007) 
Double Concentric 
Cylinder 
Parallel disk/plate Mooney-Ewart 
 
 
 
 
 
 
For low viscosity fluids, the 
shear surface should be 
increased so that the 
torque increases. Because 
of the thin wall of the 
rotating cylinder, the end 
effect can be ignored. 
This geometry, due to the 
adjustable gap, is suitable for 
dispersions with relatively large 
particles (e.g., gelatinised starch). 
The recommended gap is 
approximately 10 times the 
particle diameter. 
The end effect of the 
concentric cylinder can be 
minimised by modifying the 
design. The effect can be 
calculated when the end is 
replaced with a cone.  
 
3.2.2.2. Dynamic Oscillation 
When viscoelastic behaviour has to be taken into account, a steady state shear 
viscosity measurement is not enough to reveal the rheological properties of materials; an 
unsteady state shear measurement is needed (Steffe, 1996). Viscoelastic materials are those 
posses both solid elastic and liquid viscous behaviour simultaneously; one is usually 
predominant. An ideal elastic material will finitely deform upon the application of stress and 
fully recover once the stress is removed. An ideal viscous fluid will deform continuously as 
long as the stress is applied and will not recover when the stress is removed because the 
stress is dissipated as frictional losses. Most materials, including solid and liquid foods, 
display characters between viscous and elastic, thus they are called viscoelastic 
(Gunasekaran & Ak, 2000). 
Two major categories of unsteady state shear measurements are transient and 
oscillatory (Steffe, 1996). The transient shear flow experiments cover the increasing stress 
after the start-up of shear flow, decreasing stress after sudden stop of steady state shear 
flow, and finite strain relaxation (recoil) following steady state shear flow. In oscillatory 
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tests, the samples are subjected to sinusoidal small amplitude deformations. These require 
an instrument that can give sinusoidal strain to the tested material and record the stress 
established from the deformed material. If the experiments are conducted within the 
viscoelastic regions, the resultant stress will also fluctuate sinusoidally. The stress, however, 
will be out of phase with the strain depending on the elasticity as illustrated in Figure 3-3 
(Chang, 2007). 
From oscillatory experiments, the complex modulus (G*(iω)) can be expressed as a 
function of storage modulus (G’(ω)) and loss modulus (G”(ω)) (Equation 3-2). The loss 
tangent (tan δ) is the ratio of the lost energy to the stored energy per cycle of deformation 
(Equation 3-3, Chang, 2007). 
∗	 = 
∗	
∗	 = ′	 + "	 
Equation 3-2 
 ! = "#$	""$	  
Equation 3-3 
Dynamic oscillation tests often used to observe the gelation process of biopolymers 
and the structures of food gels because of these following reasons (Gunasekaran & Ak, 
2000; Rao, 2007): 
(1) Dynamic oscillation tests are non-destructive; therefore they will not obstruct the 
occurring phenomenon, e.g., gelation or melting, of the tested materials. These tests 
allow the linkage between the oscillatory experiment parameters and the molecular 
structure of the sample. 
(2) Dynamic oscillation tests, depending on the selected frequencies, are quicker to 
perform compared to the transient tests. 
(3) Linear viscoelastic region (LVR) is simple to determine. The LVR is the area in which 
the applied stress and the strain response are linearly correlated. 
(4) The oscillatory experiment data may be extrapolated to higher temperature which is 
difficult to perform in laboratory using the time-temperature superposition 
technique. 
 Figure 3-3. Typical stress versus strain responses of a Newtonian liquid
and a perfectly elastic solid in dynami
The test used to determine the LVR is called strain sweeps. Once the LVR is obtained, 
there are other experiments usually performed within the LVR for biopolymers and food 
materials investigations, as summarise
 
 
 
 
, a viscoelastic liquid
c oscillation tests, redrawn from Rao 
d in Table 3-6. 
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, 
(2007). 
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Table 3-6. Oscillatory experiments to locate the linear viscoelastic region (LVR) and to be 
performed within the LVR for biopolymer and food material investigations (Gunasekaran & 
Ak, 2000; Rao, 2007; Tunick, 2011) 
Type of 
tests 
Descriptions Applications 
strain 
sweeps 
The determination of G’ and G” 
as a function of strain at a low 
fixed frequency, e.g., 1Hz, and 
at a constant temperature. 
To locate the LVR. The LVR ends when the G’and 
G” suddenly deviates from their relatively 
constant values, usually above 1% strain. Strain 
sweeps should be repeated at other conditions, 
e.g., temperature and frequency, as the LVR may 
be affected by a variety of non-obseverd 
parameters.  
frequency 
sweeps  
The determination of G’ and G” 
as a function of frequency at 
fixed temperature and strain. 
To classify gels into: Entangled networks of 
biopolymers (soft gels with a G’−G” cross-over, 
strong G’, and frequency dependency), 
chemical/cross-linked gels (strong gels with 
permanent covalent networks and less 
frequency dependency), or physical/non-
covalent linkages gels (intermediate-strength 
gels without G’−G” cross-over, and intermediate 
frequency dependency). 
temperature 
sweeps 
The determination of G’ and G” 
as a function of temperature at 
fixed frequency and strain. 
To study gel formation and behaviour during 
cooling or heating of biopolymer solutions, and 
also to determine energy activation and glass 
transition.  
time sweeps  The determination of G’ and G” 
as a function of time at fixed 
strain, frequency, and 
temperature. 
To study structural assembly or degradation of 
gels, and to monitor possible reactions; this test 
is also called as a gel cure experiment. 
 
3.2.3. Micro Differential Scanning Calorimetry  
 Differential scanning calorimetry (DSC), a name created by Perkin-Elmer in 1963 for 
their first DSC machine, is the most popular thermal analysis techniques. The abbreviation 
DSC refers to: (1) the technique (differential scanning calorimetry) and (2) the measuring 
device (differential scanning calorimeter). DSC measures the heat flow rate difference as a 
function of temperature between a sample and a reference during a controlled temperature 
ramp. The quantitative calorimetric data give information on thermal properties and 
thermodynamic changes of materials, and of chemical reactions. Polymer field is one of the 
major areas beside pharmacy which utilises DSC for research and assessment purposes 
(Menczel et al., 2009). The utilisation of DSC in polymer and colloid science is extensive such 
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as to study sol-gel transition, protein denaturation, starch gelatinisation, and the state of 
water in gels (Nishinari, 1997). 
The heat flow as a function of temperature is represented graphically as a curve with 
one or more peaks, illustrating the nature of transition or reaction, either heat absorbing 
(endotherm) or heat releasing (exotherm). Inflection points reflect glass transitions. The 
principle of thermodynamic analysis of food materials is to correlate their natures before 
and after processing by comparing their thermal curves thus the effect of processing 
conditions can be revealed (Kaletunç, 2009). One major concern is that the heating rate 
significantly affects the DSC curve, which is most likely related to the thermal lag within the 
instrument, the resolution as affected by the temperature ramp, or the kinetics of the 
transition. Thus, a precise protocol is required for thermal analysis using DSC (Farkas & 
Mohácsi-Farkas, 1996). If a high sensitivity is desired, a microcalorimetry (with high sample 
quantity) and/or fast scanning rates should be used. If a high resolution is preferred, a DSC 
with small sample quantity and/or low heating rates is chosen (Raemy, Lambelet, & Rousset, 
2004). 
DSC offers the possibility to simulate thermal treatment applied during food 
manufacturing, which can be directly linked to the processing protocol (Höhne & Kaletunç, 
2009). For food, most physicochemical changes lay between –50 and 300 °C. In the case of 
emerging technology such as HPP, the changes can be traced by comparing the 
thermograms of food materials before and after HPP. This comparation allows the 
observation of irreversible transitions only. Some commercial calorimeters allow thermal 
analysis under moderate pressures of up to 100 MPa. Due to a safety reason and risk of a 
large thermal leakage, there is not any commercial high pressure calorimetry available yet 
(Höhne & Kaletunç, 2009). Thus, researches are encouraged to construct their own high 
pressure calorimetry, e.g., Blankenhorn and Höhne (1991) modified a commercial 
calorimetry so that it could work under pressures up to 500 MPa. 
Food ingredients are very often mixed with solids (e.g., sugar and salt) or diluted 
with liquids (e.g., water and milk), which decrease the concentrations and promote chemical 
reactions. In this case, DSC is not able to follow any transitions and interactions since it has a 
limited volume space (15–50 mg) and lacks of in situ mixing. For this purpose, 
microcalorimetry or micro-DSC is the ideal instrument because it facilitates the 
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investigations on bulk materials (∼850 mg) and diluted systems with a very high sensitivity 
(Le Parlouër & Benoist, 2009b). 
 Microcalorimetry, compared to DSC, is a less known and not so favourable 
technique. Its naming refers to microquantity of measured heat, allowing microcalorimetry 
to investigate physicochemical changes of materials in diluted systems, although it takes 
hours and sometimes days. The major differences of microcalorimetry and DSC are not only 
the sample volume and the sensitivity, but also the heat exchange between the sample and 
the detector. In DSC, the heat exchange is two-dimensional and vulnerable of losses. The 
amount of heat received by the DSC detector is about half of the heat taken or produced by 
the sample. In contrast, the heat exchange between the detector and the sample in 
microcalorimetry is completely measured (Le Parlouër & Benoist, 2009b). 
In this PhD research project, microcalorimetry is used to determine the transition 
temperature (Tm) and enthalpy of transition (∆Hm) of proteins (Figure 3-4). In the case of 
protein unfolding, Tm is the temperature at which half of molecules are denatured. The Tm of 
proteins in solution is usually below 100 °C (Farkas & Mohácsi-Farkas, 1996). Cp
ex is the 
difference in heat capacity between the sample solutions relative to the reference solution. 
∆Hm is the area under the exothermic denaturation curve which is calculated by integrating 
the DSC curve using Equation 3-4 (Plum, 2009). 
 
Figure 3-4. Simulate DSC thermogram of temperature induced unfolding of a small globular 
protein, showing Tm = 350 K, ∆H(Tm) = 100 kcal/mol, and ∆Cp = 1.5 kcal/(mol.K) (Plum, 2009). 
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∆%&'	 = ()*+, -& 
Equation 3-4 
The gelation of hydrocolloids in this project is also investigated with micro-DSC. The 
detection of temperature and heat of gelation depends not only on the concentration but 
also the material. Some polysaccharides, e.g., xanthan and gellan, have low transition 
energy, thus the microcalorimetry is required (Le Parlouër & Benoist, 2009a). 
3.2.4. Confocal Laser Scanning Microscopy  
 The basic principle of confocal laser scanning microscope (CLSM) is similar to that of 
light microscopy (LM); light is reflected by a specimen which is then magnified by lenses. LM 
employs a large volume of light. In contrast, CLSM uses a very small volume of light (Rochow 
& Tucker, 1994). The schematic optical path of a confocal microscope is illustrated in Figure 
3-5 A. A laser light (gray lines) comes through the entrance pinhole (a). This light is then 
collected and focused by the condenser lens to illuminate an accurately determined point or 
focal point (b) within the specimen. Reflected and fluorescent light from the specimen is 
deflected by the objective lens and is focused on the exit pinhole (c). Since a, b, and c are in 
conjugate focus, they are named as confocal. Light which comes from outside the focal 
plane (dotted black lines) is also deflected; however it arrives outside the exit pinhole, thus 
it will not be passed to the detector (Price & Jerome, 2011). 
 
Figure 3-5. Schematic optical path of a CLSM (Price & Jerome, 2011). 
A confocal microscope can also be arranged based on an epi-illumination setup 
(Figure 3-5 B), in which the objective lens acts as both the condenser and the objective lens. 
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Light enters through the entry pinhole (d) and hits the specimen (f). Light, reflected by the 
specimen, is diverted by a dichromatic beam splitter (dichroic) and the diverted light (dark 
gray lines) is focused on the exit pinhole (e). Light from above or below the focal point in the 
specimen will not arrive at the pinhole focus, and therefore is rejected. Because the light 
reflected before and after the focal plane is rejected by the exit pinhole, the amount of 
distracting light is suppressed. This results in enhanced image contrast and better axial 
resolution (Price & Jerome, 2011). By varying the depth of the focal point, a CLSM captures a 
series of two dimensional images which can be simulated into a three dimensional image. In 
this case, a CLSM acts as an ‘optical microtome’ (Aguilera & Stanley, 1999). 
A confocal microscope can work in either transmission or reflection mode for 
imaging a non-fluorescent sample. Observations in fluorescent mode are recommended for 
biological samples. Fluorescence imaging gives a high contrast signal which helps the 
confocal microscope to remove the light reflected by any parts other than the focal point of 
the sample. A fluorochrome (fluorescent dye) is often added to a specimen to absorb a light 
with a specific wavelength and then emits another light with less energy (longer 
wavelength). Thus, it can be separated from the excitation light and gives a contrasted 
image (Jerome, 2011). 
 Although a confocal microscope offers several advantages (Table 3-7), it requires a 
good understanding to interpret the resultant images, in particular when a quantitative 
analysis is undertaken (Price & Jerome, 2011). The disadvantages of a CLSM are the 
specimen preparation (e.g., fixation and dyeing) and its complicated operation (Jerome, 
Fuseler, & Price, 2011). 
Table 3-7. Advantages and application of confocal microscope (Aguilera & Stanley, 1999) 
Advantages Applications 
Light from a point in the specimen 
outside the focal plane is blocked by 
the pinhole aperture in the objective 
Optical sectioning to examine internal 
three dimensional structure of thick 
specimens 
Fluorescence capability Multicomponent analysis  
Higher resolution vs. LM Improved imaging of structure 
Minimal sample preparation Examination of fragile structures 
Physical sectioning not required Examination of thicker/larger samples 
with fewer artifacts 
Image captured in digitized form Image manipulation via computer 
software 
 3.2.5. Fourier Transform Infrared Spectroscopy
Infrared spectroscopy is a technique to look at the functional groups of a sample 
based on the principle that the groups have specific discrete energy levels at particular 
frequencies at which they vibrate or rotate 
 The Fourier theorem is used to transform an interferogram into a spectrum. The 
result of Fourier transform infra red (FTIR) reading is displayed as an infrared spectrum, 
which reflects the absorption of energy by chemical bonds, due to bending or stretching. 
The spectrum is plotted with wavenumber as the 
axis is either in absorbance units or % transmittance. The former means the amount of light 
absorbed by a sample (Equation 
a sample (Equation 3-6) (Smith, 2011)
techniques is attenuated total r
index and excellent infrared transmitting properties, such as germanium and diamond 
(Larkin, 2011). 
Figure 3-6. The infrared spectrum of liquid wa
 
. = log /010 2 
Equation 3-5 
%& = 100 6 / 7782 
Equation 3-6 
where A is the absorbance, 
spectrum, respectively, while %
 
(Carbonaro & Nucara, 2010). 
x-axis, from high to low (
3-5) while the later is the percentage of light transmitted 
. One of the most commonly used FTIR reflection 
eflection (ATR) which uses a crystal with a high refractive 
 
ter (Smith, 2011). 
Io and I are the intensity in the backg
T is the percent transmittance. 
91 
Figure 3-6). The y-
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The peak points in the spectrum refer to the wavenumbers at which significant 
amount of light is absorbed by a sample. Most FTIR spectroscopy works within the mid-
infrared (4000 and 400 cm-1) wavelength. A selection of appropriate number of scans and 
resolutions is important. A high number of scans will reduce the noise of a spectrum by its 
square root, e.g., 64 scans will reduce the noise of a spectrum by 8. The resolution tells how 
well a FTIR spectrometer separate peaks which are close together. Resolution is reciprocally 
correlated with the maximum optical path difference (δ) for a scan. A big δ results in a low 
resolution, e.g., resolution of 32 cm-1 is low and resolution of 1 cm-1 is high. Characteristics 
of a sample determine the applied resolution. As a general rule, resolutions of 8 cm-1 and 4 
cm-1 are recommended for solids and liquids, respectively (Smith, 2011). 
Infrared spectroscopy is relatively fast, easy, inexpensive, sensitive, and applicable to 
most materials. This spectroscopy, however, cannot detect some molecules (i.e., individual 
atoms, monoatomic ions, and homonuclear diatomic molecules) and has limitation in 
analysing solutes in mixtures or water. A mixture with a complex composition gives a more 
complex spectrum; thus, interpreting the peaks is difficult. Purification of a complex system 
into a simpler system will give a simpler spectrum. A solute in a dilute system will have its 
spectrum masked by the water spectrum. At least 0.1% of a solute has to be present to 
ensure for an apparent spectrum. Then the solute spectrum is extracted by subtracting the 
mixture spectrum with the water spectrum. Water removal is suggested for obtaining a 
better solute spectrum (Smith, 2011). 
The secondary structures of proteins and their interactions with other molecules 
commonly present in food systems are elucidated by FTIR. This spectroscopy technique also 
allows the detection of molecular rearrangement after processing (Carbonaro & Nucara, 
2010). Amongst the infrared absorption bands of peptide groups, Amide I (1,600-1,690 cm-1) 
is the most widely used to in the study of protein secondary structures. The vibration of 
Amide I band is mainly due to C=O stretching. Amide II band informs the pressure-enhanced 
H/D-exchange and protein compactness. Due to a strong absorption of water within the 
Amide I band, FTIR studies of protein often require deuterium oxide (D2O), which is water 
enriched with 2H. This enriched water allows an H/D-exchange of protein protons and shifts 
the Amide I and Amide II to deuterated bands, Amide I’ and Amide II’, respectively. 
Deuterium oxide helps the recognition of proteins in dilute systems, particularly following 
high pressure treatment. In order to achieve a clear protein spectrum in solution, a high 
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concentration up to 10% is required. At this concentration, high pressure may promote an 
irreversible aggregation (Dzwolak, Kato, & Taniguchi, 2002). 
3.2.6. Colourimetry 
Colour is a perception over a visual property of a material. This results from how the 
material reflects light with a particular wavelength range. Human eyes can only see visible 
light, ranging from 380 to 770 nm in wavelength (Hunt & Pointer, 2011). Colour descriptors 
can be divided into two groups: the isolated and the related ones. Both groups are 
summarised in Table 3-8. Each of them is trivariant, means that each groups is resembled by 
three separate qualities. The reference environment (e.g., illuminant source) should be 
mentioned when describing the qualities of related colour attributes (Pérez, De Fez Saiz, & 
Martinez Verdú, 2010). 
Colour is an essential part in image analysis of food products. Colour often eliminates 
other visual features, e.g., shape and dimensions, of a product and simplifies the description 
over it (Du & Sun, 2004). In fact, colour contributes around 83% in decision making on food 
consumption (Francis & Clydesdale, 1975). However, colour analysis is not an easy task due 
to the limitation of human memory to recall previously seen colour, lack of vocabularies to 
describe colours, and individual colour detection defects. Thus, several colour systems and 
colour measuring devices were developed for describing colours numerically (Gupte, 2010). 
Table 3-8. The isolated and related colour descriptors (Pérez, et al., 2010) 
Chromatic stimuli Isolated colour Related colour 
Wavelength (nm) 
Luminance (cd/m2) 
Colorimetric purity 
Hue  
Brightness 
Colourfulness 
Hue  
Lightness  
Chroma 
A numerical colour system was proposed by Commission Internationale de 
L'éclairage (CIE) in 1976 which is called as CIELab system. This system is commonly used for 
food colour description and consists of three colour stimuli: lightness (L*), green-red co-
ordinate (a*), and blue-yellow co-ordinate (b*). The asterisk (*) following each parameter 
was meant to differentiate them with L, a, and b parameters which were introduced by 
Hunter in 1958. Lightness ranges from 0 (black) to 100 (white). Both a* and b* co-ordinates 
can be positive or negative values; -a* is for greenness while +a* is for redness, and -b* 
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refers to blueness while -b* indicates yellowness (MacDougall, 2010). The CIELab colour 
chart is presented as Figure 3-7. 
Due to the difficulties in comparing three colour parameters at once, a degree of 
colour difference (∆E*ab) is introduced (Equation 3-7). 
∆∗ = 9∆:∗	; + ∆∗	; + ∆<∗	; 
Equation 3-7 
where L*, a*, b* are the absolute differences of lightness, green-red 
coordinate, and blue-yellow coordinate of two samples. 
Colour measurement for foods is mostly based on calculation of spectral power data. 
As foods are non-self-luminating, a light source is required to emit light throughout the 
spectrum. The spectral power data of a sample (every narrow wavelength intervals, e.g., 
5−20 nm, throughout the visible spectrum region of the light) are compared to those of a 
reference specimen. Spectral data are then converted to tristimulus values using the CIE 
colour matching functions which are irreversible, means that the resultant tristimulus values 
cannot be transformed to the correct spectral data (Hunt & Pointer, 2011). 
 
Figure 3-7. The spectrum (middle), L*a*b* chromaticity diagram (right) and the colour of an 
apple (left) as described using the CIELab system (left). The blue point in the chromaticity 
diagram is where the apple colour located (Minolta, 2007). 
The reference specimen for diffusing samples is either a white reflecting surface or a 
white transmitting diffuser. When non-diffusing samples are analysed, their reference 
specimen is one of the following: a calibrated mirror for reflecting samples, no sample or air 
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for transmitting samples, or an identical cuvette, as used to place the samples, filled with a 
proper liquid, e.g., deionised water (Hunt & Pointer, 2011). 
CIE recommends either 0°:45° or 45°:0° arrangement for illuminating direction 
during colour measurement with a slight offset, usually 8°, to minimise inter-reflections 
between the sample and the light source or the detector. Since numerical data of colours 
are dependent on the illuminant source, CIE recommends either Standard Illuminant or 
Standard Illuminant D65 for general purposes which represents tungsten lamps and average 
daylight, respectively (Hunt & Pointer, 2011). 
3.2.7. o-Phtalaldehyde Fluorimetric Method 
3.2.7.1. Fluoresence Spectroscopy 
Fluorescence molecules absorb light at a given wavelength and after a finite delay 
time (in nanoseconds) emit some of that energy as a light with longer wavelength. A 
simplified Jablonski diagram (Figure 3-8) is usually used to describe the mechanism (Jerome, 
2011). 
 
Figure 3-8. A simplified Jablonski energy level diagram depicting absorption and emission 
processes (Jerome, 2011). 
The energy levels of a molecule as illustrated by the Jablonski diagram cover the 
ground electronic state (S0), which reflects the energy of a molecule in a ‘resting’ stage, and 
higher electronic states, usually S1 state (first excited singlet state) although the molecule 
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can reach a higher state (for example S2 state) when it absorbs light. Apart from how high 
the excited electronic state is, the molecule will rapidly (in order of picoseconds) undergo 
internal conversion or energy loss through non-radiative modes and reach the lowest 
electronic excited stage (S1). The molecule stays at this stage for a finite time (in 
nanoseconds), named as the fluorescence lifetime, before it emits light from S1 to S0 
(Jerome, 2011). 
The fluorescence can be either intrinsic or extrinsic. The first is caused by the 
naturally fluoresecent amino acid residues, such as tryptophan, tyrosine, or phenylalanine. 
The later is created by adding dyes which linked to the targeted protein (Poole, Hawe, 
Jiskoot, & Braeckmans, 2012). 
The mostly and widely applied fluorescence-based technique is the steady-state 
fluorescence. Fluoresence spectroscopy can also be done with multiwall plate readers. Most 
of protein studies using this technique rely on the intrinsic fluorescence, coupled with 
extrinsic fluorescence dyes. The sample is commonly illuminated by a mercury- or xenon-arc 
lamp for a time longer than the fluorescence lifetime of the tested sample. Emission is then 
continuously recorded every a fixed bandwidth. The fluorescence spectra is generally 
plotted as intensity as a function of wavelength (Poole et al., 2012). 
 Performing a fluorescence spectroscopy in a multiwell plate reader is an alternate 
way to conduct a rapid analysis with less sample and dye quantities. This multiwell 
fluorometry should not be applied to samples with aggregates because the aggregates 
might reflect the light directly to the detector during the vertical excitation and detection of 
the plate reader. The advantage of this vertical reading compared to the small-angle reading 
is the possibility to adjust the measurement depth for obtaining the highest possible signal 
intensity (Poole et al., 2012). 
3.2.7.2. Evaluation of Free Amino Acids Using o-Phtalaldehyde Fluorimetric Method 
Ortho-phtalaldehyde (OPA) is one of the most sensitive fluorescent reagents used 
for protein analysis. OPA reacts with the N-terminal α-amino groups of peptide or protein 
and ε-amino group of the lysine residues, in the presence of a thiol to form isoindoles, which 
at room temperature and pH 9.5 absorbs at ∼335 nm and are highly fluorescent. This 
procedure can be used to quantify the extent of protein hydrolysis (Hernández, Camañas, 
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Cuenca, & Alvarez-Coque, 1990a) or to quantify total free amino acids (Hernández, 
Camañas, & Alvarez-Coque, 1990b). 
Although OPA also reacts with other amino acids, the products are non-fluorescent. 
Besides, the OPA assay is robust in the presence of sugars (Goodno, Swaisgood, & Catignani, 
1981). The disadvantage of this OPA method is the rapid degradation of isoindoles when 
there are excess reactants. When N-acetyl-L-cysteine (NAC) is used to substitute 2-
mercaptoethanol, the resultant isoindoles have their specific fluorescence similar to the 
isoindoles from OPA/2-mercaptoethanol derivation. The OPA/NAC results in more stable 
isoindoles (Alvarez-Coque, Medina Hernández, Villanueva Camañas, & Mongay Fernández, 
1989). The percentage of free amino acid groups is calculated using Equation 3-8. 
=>??	@ A	B>ACDE		%	 = =F'=FG × 100 
Equation 3-8 
where FRc and FRm are the relative fluorescence units of the control and the sample, 
respectively. 
3.2.8. Gas Chromatography Mass Spectrometry 
 Gas chromatography mass spectrometry (GCMS) is an integration of two analytical 
techniques: GC for the separation of components of a mixture and MS for the structural 
identification of each component. The gas phase purified analyte eluted from the GC 
column enters the mass spectrometry which requires high purity volatile compound for 
ionization (Sparkman, Penton, & Kitson, 2011). 
 GCMS requires samples in gas phase, including liquids and solids which can be 
vapourised, with final vapour pressure of approximately 0.1 Torr at a selected operating 
temperature and do not decompose. Examples for these samples are most solvents, 
pesticide, flavours, essential oils, fossil fuels, and pharmaceuticals. The volatile compounds 
of the sample have to be adsorbed within the column packing materials and eluted by the 
carrier gas. Each compound will be adsorbed and desorbed distinctively due to different 
equilibrium states, i.e. a compound that weakly bound by the column materials will be 
eluted quickly. Different elutions lead to the distribution of volatile compounds between the 
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stationary and mobile phases and separates them into bands/zones (Grob, 2004; Sparkman 
et al., 2011). 
Hydrogen or helium is a common carrier gas, responsible for transferring a sample 
from the injector to the column and then to the detector/MS (Figure 3-9 A). Carrier gas 
should pass a purification stage to remove impurities, i.e., hydrocarbon, water vapour, and 
oxygen, prior to its usage for lengthening the column life and ensuring smooth background 
of the chromatograph. Fused silica capillary tubes with a stationary phase coated in their 
inner walls are the today mostly used columns (Grob, 2004; Sparkman et al., 2011). The 
column is heated isothermally or in a temperature-controlled program to elute the 
adsorbed compounds (Sparkman et al., 2011). 
 
Figure 3-9. A schematic diagram of a typical simple GCMS (the actual instrument may have 
more than one inlets and several detectors), connected to a computer to ease the control of 
the operating parameters such as the temperature zones and gas flows; the computer is 
also responsible to record and analyse the data, i.e., by comparing the mass spectra to a 
database and quantifying the peaks (A) (Sparkman, et al., 2011), and A headspace vial 
containing a liquid sample (B), with VG = volume of the gas phase, while VL = volume of the 
liquid sample (Kolb & Ettre, 2006). 
Without being integrated with a MS, a GC can only gives the relative times of 
compounds eluted from the column. A reference sample contains a single suspected 
compound is often required to check the GC spectra. In a strictly controlled environment, a 
quantitave analysis can be performed by running a reference sample at a fixed 
concentration. Ambiguity may occur when two or more compounds having similar elution 
times present in a sample, thus their peaks are overlapped (Grob, 2004). In a GCMS, the MS 
detects the ionised compounds based on their mass-to-charge ratio (m/z) values. Most ions 
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have only a single charge. Only those fragmented from aromatic hydrocarbons (through 
electron ionisation) possess double-charge. Thus, in general the m/z values of ions formed 
in GCMS represent the mass of the corresponding compounds. The abundance of each 
compound is represented by its peak. The identification is performed by comparing the 
spectra with the mass spectra database (Sparkman et al., 2011). 
Static headspace GC (Figure 3-9 B) is a technique to vaporise a liquid or solid sample 
in a vial/bottle at a constant temperature so that only the gas phase above the sample is 
transferred into the GC column. This technique is simple and clean, thus helps the 
maintenance of the column. 
The concentration of the analyte compound filling the headspace (CG) at a given 
heating temperature is in equilibrium to the one in the liquid/solid phase (CL or CS). Their 
relationship is expressed in Equation 3-9 with K as the partition coefficient. K decreses with 
increasing temperature and with the addition of salts in the case of aqueous samples. 
 = )H)" 			A>			 = )I)"  
Equation 3-9 
3.2.9. High Performance Liquid Chromatography 
High performance liquid chromatography (HPLC) is a modern chromatography with 
its stationary phase built of fine particles thus a high pressure is required to allow the 
mobile phase passing through. Hence, HPLC is also called high-pressure liquid 
chromatography. Dissolution of the sample in a solvent is a prerequisite prior to HPLC 
analysis. HPLC can analyse most solutes excluding cross-linked and high molecular mass 
substances (Meyer, 2010). 
Chromatography refers to a separation process with the means of a stationary phase 
(chromatographic column or plane) and a mobile phase so that the sample mixture is 
distributed between the two phases. The mobile phase is always a liquid for liquid 
chromatography. The mostly used column is based on the reverse phase chromatography 
(RPC) mode, in which the column consists of very non-polar particles and the solvent 
relatively polar. Thus, non-polar compounds are eluted after polar compounds (Meyer, 
2010). Separated compounds are sensed by a detector (usually an ultraviolet (UV) 
 absorption detector) or a mass spectroscopy (MS) once they leave the column
mechanism of HPLC is given as 
(chromatogram) (Snyder, Kirkland, & Dolan, 2010)
Figure 3-10. A simplified mechanism of a typical HPLC 
injected automatically into the column
solvent through the column while
by a detector at once (A). The signal plotted versus time is a chromatogram
al., 2010). 
 Separated compounds are identified in a chromatogram (
retention times (tR) whilst their concentrations are reflected by their peak sizes (either a
heights or areas) (Snyder et al., 2010)
injection to reach the top of its peak. The solvent itself needs a time to appear in one 
minute on the chromatogram which is called the column dead
to tR by a retention factor (k), 
J = 1 + K	 
Equation 3-10 
To ensure that each compound is well separated with others, it should have a 
specific tR which can be adjusted by changing the mobile phase polarity. For RPC, the mobile 
phase is usually a mixture of water or aqueous buffer (A
solvent) such as acetonitrile or methanol. Water is a ‘weak’ solvent as it gives 
of k. In contrast, a ‘strong’ solvent (i.e., organic solvents) gives 
increasing the volume percentage of B
Figure 3-10. The outcome is a signal plotted against time 
. 
with samples placed in tray and
; a pump is installed to maintain a continuous flow of 
 separated compounds are leaving the column a
Figure 3-
. The tR for each solute is the time required from 
-time (t0) which
expressed as Equation 3-10. 
-solvent) and an organic solvent (B
a smaller value
-solvent will decrease the retention of all sample 
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. A simplified 
 
 
nd sensed 
 (B) (Snyder et 
11) based on their 
s 
 is correlated 
-
a great value 
 of k. Thus, 
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compounds. As a rule of thumb, an increase of 10% of solvent B causes the decrease of k by 
2 to 3 (Snyder et al., 2010). 
 
Figure 3-11. A chromatogram of a sample mixture, consisting of three compounds: X, Y, and 
Z. Each compound appears on the chromatogram with its retention time (Snyder et al., 
2010). 
The qualitative analysis by HPLC can be done through three common approaches: (1) 
retention time, (2) on-line qualitative analysis, or (3) off-line analysis. The first approach 
compares between the tR of a compound and that of a reference standard. On-line 
qualitative analysis is carried out with the means of HPLC detectors or mass spectrometers, 
coupled with the HPLC instrument. Off-line qualitative analysis is performed by collecting 
the separated eluent (zone) as the eluent leaves the column. This high purity analyte is then 
fed into other analytical instrument for off-line structural analysis (Snyder et al., 2010). 
 Calibration is a procedure to be conducted prior to quantitative analysis using HPLC. 
There are two common calibration techniques: external and internal calibrations. For 
external calibration, a reference standard with a known purity is injected at a designed 
concentration or mass to look at the respond of the detectors. The performance of the 
detector should lie within the linear region. Internal calibration is performed when samples 
need pre-treatments prior to injection, thus sample loss may occur. An internal standard (IS) 
is added to the samples so that it can track the loss during pre-treatments. Aliquots of 
samples, added with IS solutions with varying concentrations, are prepared and analysed. 
The calculation is just as for the external calibration technique (Snyder et al., 2010). 
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4. Effect of High Pressure Processing on Rheological and Structural 
Properties of Milk-Gelatin Mixtures 
 
This chapter is an edited material of: 
A.F. Devi, L.H. Liu, R. Buckow, Y. Hemar, and S. Kasapis 
Food Chemistry (2013), 141, 1328–1334 
` 
108 
 
Abbreviations 
CLSM  Confocal Laser Scanning Microscopy 
FTIR  Fourier Transform Infra Red 
G’  Elastic Modulus (Pa) 
G”  Viscous Modulus (Pa) 
HPP  High Pressure Processing 
SMP  Skim Milk Powder 
Tm  Melting Temperature (°C) 
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Abstract 
There is an increasing demand to tailor the functional properties of mixed 
biopolymer systems that find application in dairy food products. The effect of static high 
pressure processing (HPP), up to 600 MPa for 15 min at room temperature, on milk-gelatin 
mixtures with different solid concentrations (5, 10, 15 and 20% w/w milk solid and 0.6% 
w/w gelatin) was investigated. The viscosity increased in mixtures prepared with high milk 
solid concentration (15 and 20% w/w) following HPP at 300 MPa whereas HPP at 600 MPa 
caused a decline in viscosity. This reduced viscosity was due to ruptured aggregates and 
phase separation as confirmed by confocal images. Molecular bonding of the milk-gelatin 
mixtures due to HPP were shown by the Fourier transform infrared spectra, particularly 
within the regions of 1610−1690 cm-1 and 1480−1575 cm-1, which reflect the vibrational 
bands of Amide I and Amide II, respectively. 
 
Key words: skim milk, gelatin, high pressure processing, viscosity, phase separation 
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4.1. Introduction 
One of the first applications of static high pressure processing (HPP) on a food 
product was reported by Hite (1899) on milk for extending its shelf-life. Since then HPP has 
been utilised not only for extending shelf life of perishable food, while ensuring its safety 
and nutrients, but also for modifying food macromolecule functionality (Knorr, Heinz, & 
Buckow, 2006). The extent of macromolecule rearrangements affected by high pressure is 
dependent on its intrinsic properties, physicochemical environment, applied pressure and 
temperature, holding time and decompression rate (Michel & Autio, 2002). 
The structure-function properties of foods are mainly governed by two groups of 
macromolecules: proteins and polysaccharides, consequently appointing them as the 
essential constructional materials and suitable components to model foods, which are 
complex systems (Morris, 2007). When two biopolymers are mixed, commonly the 
destabilisation force is bigger than the stabilisation force. As a result, unstable solutions are 
often encountered, which lead to either segregative or associative phase separation. The 
type of phase separation taking place in a mixed gel is determined by the procedure of gel 
formation that guides final application (Walkenstrom & Hermansson, 1997a). Less likely, 
synergetic interactions between biopolymers may occur being recognised by a substantial 
increase in yield stress and elastic modulus in mixtures (Schmitt, Sanchez, Desobry-Banon, & 
Hardy, 1998). 
Gel fabrication by HPP may create textures with unique properties that cannot be 
achieved by the thermal counterpart. The latter favours gel formation through disulfide 
bonding whereas pressure treatment leads to structure development mainly via hydrogen 
bonds, although disulfide bonding can occur if the HPP is performed at sufficiently high 
pressure (e.g., 500 MPa) or at relatively high temperatures (Totosaus, Montejano, Salazar, & 
Guerrero, 2002). Weak bonds, such as hydrogen, electrostatic, van der Waals and 
hydrophobic forces can be destabilised by HPP due to their limited energy levels. However, 
covalent associations of biopolymers are usually not affected under high pressure 
(Boonyaratanakornkit, Park, & Clark, 2002). 
Gelatin, a proteinaceous material derived from collagen, is an important 
macromolecule able to impart a variety of textures (Poppe, 1992). Interaction between 
gelatin and other food macromolecules is an attractive research field, since the resultant 
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knowledge is used to model novel food product development (Djagny, Wang, & Xu, 2001). 
In addition, there is an increasing demand to explore the functional properties of mixed 
biopolymer systems through HPP in an effort to add value to formulations. Clearly, mixtures 
of gelatin and milk proteins, which find application in the food industry, can be of interest in 
this regard. However, publications on the phase behaviour and structural properties of 
these binary mixtures involving high pressure processing are scarse (Hemar, Liu, Meunier, & 
Woonton, 2010; Walkenstrom & Hermansson, 1997a, 1997b). 
This present paper aims to investigate the effect of HPP on the rheological and 
structural properties of milk-gelatin mixtures, prepared with selected solid concentrations, 
which relate to a range of current dairy product formulations including yoghurts. 
Characterisation of rheological, broader structural properties, and biopolymer interactions 
will provide a valuable guide on the functionality of these materials subjected to static 
pressure. 
4.2. Materials and Methods 
4.2.1. Materials 
Gelatin, produced through alkaline hydrolysis of beef skin (type B), was purchased 
from Melbourne Food Ingredient Depot, Australia. This material had an isoelectric point (pI) 
of 4.5 and Bloom value of 220. 
The milk protein utilised in this study was skim milk powder (SMP) produced with 
low heat to minimise denaturation of the whey protein component. This SMP was obtained 
from Tatura, VIC, Australia, and contained 33.6% protein, 0.7% fat, 2.8% ash, 3.6% moisture, 
and 59.3% lactose. A solution of 10% w/w in deionised water gave a pH value of 6.7. 
4.2.2. Sample Preparation 
Aqueous gelatin solution (0.6% w/w) was prepared by soaking gelatin granules in 
deionised water overnight (20−24 h) at 5 ˚C then heated and stirred for 40 min at 65 ˚C. 
Gelatin solutions were cooled to room temperature prior to pH adjustment to 6.7 with 0.1 
M NaOH. Reconstituted skim milk with concentrations of 5, 10, 15 and 20% w/w were 
prepared by dispersing SMP in deionised water under stirring for 2 h, followed by overnight 
(20−24 h) storage at 5 °C to allow complete hydration. Milk was then warmed at 40 °C for 10 
min under stirring. The adjustment of milk to pH 6.7 was conducted at room temperature 
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using drop-wise 1 M NaOH or 1 M HCl. Mixtures of milk-gelatin with final concentrations of 
5, 10, 15 and 20% w/w of milk solids and 0.6% w/w of gelatin were prepared separately 
from reconstituted skim milk (25% w/w) and gelatin solutions (1, 2, 3 and 4% w/w). Each 
parental solution was prepared following the above instructions and pH adjustment was 
performed after mixing both solutions under stirring at 40 °C for 10 min and cooling to room 
temperature. 
4.2.3. High Pressure Treatment 
Samples were transferred into 50 mL bottles (3.5 cm in diameter and 8 cm in height, 
PB packaging, Mordialloc, Australia) with no headspace which then were sealed in 
polyethylene bags (Venus packaging, Melbourne, Australia) with water filling. The samples 
were treated at pressures of 150, 300, 450 and 600 MPa for 15 min in a HPP system (QFP 35 
L-600-S Food Press, Avure Technologies AB, Vasteras, Sweden) at room temperature. 
Recorded temperature profile during HPP showed that at the highest pressure used (600 
MPa) the temperature increased to approximately 40 °C. This temperature is not high 
enough to induce thermal denaturation of whey proteins. Following the holding time, the 
pressure was released instantaneously to atmospheric pressure, and samples were stored 
overnight (20−24 h) at 5 °C prior to measurements. 
4.2.4. Rheological Measurements 
Apparent viscosity and dynamic oscillation measurements were performed using a 
stress-controlled rheometer (Paar - Physica MCR 301, Anton Paar GmbH, Ostfildern, 
Germany). Measurements were conducted at 5 and 35 °C. Viscosity measurement at 5 °C 
followed the following protocol: Step 1 – where samples were conditioned at 5 °C for 5 min, 
continued with Step 2 − where the shear rate was applied from 0.01 to 1000 s-1, and 
finished with Step 3 − where the shear rate was applied from 1000 to 0.01 s-1. 
Corresponding measurements at 35 °C were performed in a similar manner except that the 
sample was conditioned at 35 °C for 30 min in a water bath and for 5 min in the rheometer 
prior to experimentation. For milk only systems which had low viscosity, the double gap 
(TEZ-DG26.7/Ti 3524) was used, and for gelatin, cup and bob (TEZ-CC.27 6325) was the 
geometry of choice. Dynamic oscillation was performed at 5 °C following a preshear step at 
10 s-1 for 2 min to remove trapped air, with the samples being allowed to rest for the next 2 
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min. A frequency sweep from 0.01 to 10 Hz at a constant strain of 0.5% was conducted 
followed by a strain sweep from 0.1 to 1000% at a constant frequency of 1 Hz. All 
rheological measurements were performed in duplicate and mean values of effectively 
overlapping traces are reported. 
4.2.5. Confocal Laser Scanning Microscopy 
Images were taken using a Leica SP5 Confocal Laser Scanning Microscope (CLSM, 
Leica Microsystems, Wetzlar, Germany). A drop of Fast Green (0.4% w/v in deionised water) 
was gently mixed by hand with approximately 10 mL of a prepared sample prior to cold 
storage at 5 °C. For pressure treated samples, the dye was added immediately after HPP. A 
small amount of dyed sample was placed onto a glass cavity slide and covered with a glass 
cover slip. The samples were observed immediately after taken from cold room using a HCX 
PL APO 63.0×1.30 GLYC 37°C UV objective lens. Fast Green was excited by HeNe 633 nm 
laser and the emitted light was recorded at 643−737 nm. 
4.2.6. Fourier Transform Infrared Spectroscopy 
Infrared spectroscopy (Spectrum 100 FTIR Spectrometer, Perkin Elmer, Waltham, 
MA) was carried out from 4000 to 650 cm−1 at a resolution of 4 cm−1 taking 8 scans and 
mean values are reported. Spectra were transferred into absorbance to examine the nature 
of molecular interactions, specifically secondary protein structure, between gelatin and milk 
protein in atmospheric and pressurised preparations. All FTIR measurements were 
performed in duplicate. 
4.2.7. Thermal Analysis  
Thermal analysis was performed using a Setaram VII Micro Differential Scanning 
Calorimetry (Setaram Instrumentation, Caluire, France). Approximately 800 mg of sample 
was transferred into the sample pan and deionised water at the same amount was used in 
the reference pan. Weighing and sample loading were done at room temperature. The 
samples were scanned at a heating/cooling rate of 1 °C/min, as follows: (1) milk was 
conditioned at 25 °C for 10 min then heated to 95 °C; (2) gelatin was conditioned at 25 °C for 
10 min, heated to 60 °C, cooled to 5 °C, held for 2 h at 5 °C and reheated to 60 °C; (3) milk-
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gelatin mixture was conditioned at 25
2 h at 5 °C and heated to 95 °C.
4.3. Results and Discussions
4.3.1. Rheology of the Pressure Treated Gelatin Gel 
Gelatin gels 0.6% w/w were analysed first to build up a baseline of behaviour for 
subsequent characterisation of the mixed counterparts. Gelatin gels became weaker 
following HPP, particularly after pressurisation
notable difference in the values of apparent viscosity or storage modulus (
450 and 600 MPa. This result is contrary to earlier studies, which clai
substantially increased the G’
(Montero, Fernandez-Diaz, & Gomez
(Kulisiewicz & Delgado, 2009)
1997a). However, Hemar et al. 
MPa for 15 min at room temperature, on 
concentrations from 0.2 to 1.0% w/w. Clearly, origin,
solutions greatly affect their 
Kasapis, 2013). 
Figure 4-1. Apparent viscosity (
prepared without HPP () and with HPP at 150 MPa (
600 MPa () (all pressure treatments were conducted for 15 min at room temperature and 
measurements were taken at 5
 °C for 10 min, heated to 40 °C, cooled to 5
 
 
 
 above 300 MPa (Figure 4
 of variable-origin gelatin gels, i.e., cod gelatin at 6.67% w/w 
-Guillen, 2002), bovine skin gelatin up to 10% w/w 
, and pigskin gelatin at 3% w/w (Walkenstrom & Hermansson, 
(2010) observed no effect of HPP, up to an application of 600 
G’ of unbuffered gelatin solutions with varying 
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response to experimental pressure (Devi, Buckow, Hemar, & 
A) and storage modulus (B) of gelat
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 °C). 
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Storage modulus reduction of gelatin gels after HPP in this study was almost tenfold 
compared to that of the unpressurised counterpart. To date, only Montero et al. (2002) 
mentioned a decrease in G’ values for megrim gelatin gels prepared at 6.67% w/v after HPP. 
This decrease in G’ was explained by a lower degree of unfolding of the gelatin chain during 
hydration (at 60 °C for 20 min), thus HPP (at 200 MPa for 12 min at 7 or 20 °C) was 
ineffective in promoting junction zones. The gelatin solution in this work was prepared at a 
higher temperature and in a longer time (at 65 °C for 40 min) prior to HPP (150−600 MPa, 
room temperature, 15 min). Therefore, more unfolding was expected and the reason 
pointed out by Montero et al. (2002) could not be the reason behind the weakening of 
gelatin gels in our observations. 
Guo, Colby, Lusignan, and Whitesides (2003a) offered an explanation for our 
observation based on thermodynamic considerations. Weakening of gelatin gels upon HPP 
should be the outcome of hindered triple helix formation. Accordingly, the kinetics of triple 
helix formation is controlled by a two-stranded nucleus, which requires a positive change in 
enthalpy and volume (+ΔH and +ΔV). Recalling that −ΔH and −ΔV are often the favoured 
reaction conditions at high pressures (e.g., 600 MPa), the two-stranded nucleation of gelatin 
chain in solution is then retarded (Guo, Colby, Lusignan, & Howe, 2003b). Experimental 
work by Kasapis (2007) is congruent to this, having found a reduction of ∼0.23 °C in the 
temperature of the coil-to-helix transition for every 100 MPa of pressure increase in 15% 
gelatin gels in the presence of 63% w/w small molecule co-solute. 
4.3.2. Rheology of Untreated Milk-Gelatin Mixtures 
Incorporation of milk solids as low as 5% w/w into the 0.6% (w/w) gelatin solution 
caused a remarkable viscosity enhancement (Figure 4-2 A). The viscosity of a binary 
biopolymer solution is largely influenced by the concentration and interactions of the two 
constituents (Schmitt et al., 1998). Qualitatively, the viscosity of milk-gelatin mixtures 
exhibits a similar pattern of shear-rate dependence to that of the gelatin solution presented 
in Figure 4-1 A. This outcome, in combination with the considerable increase in viscosity 
values, can be considered as an indication of phase separation phenomena in the system. 
Commonly, when phase separation is taking place, structural properties of the different 
phases are often enhanced compared to those of the pure constituents. However, the 
` 
 
rheological behaviour of the phase separated systems is qualitatively similar to that of the 
continous phase (Walkenstrom & Hermansson, 1997b)
Figure 4-2. Apparent viscosity (
milk-gelatin mixtures prepared with 0.6% w/w gelatin and various milk
5% w/w (), 10% w/w (), 15% w/w (
conducted at 5 °C). 
The proposed morphology of phase separation is further supported by the fact that 
at the pH (∼6.7) used in this investigation; both dairy proteins and gelatin are negatively 
charged. According to Polyakov, Grinberg, and Tolstoguzov 
charge of proteins in the mixtures enhances their incompatiblity, which is the driving fo
of macromolecular phase separation. As 
contributes to higher values of 
Increased G’ is due to the dispersed casein molecules that add resistance to flow and the 
high capacity of casein particles to hold approximately four gram 
protein (Damodaran, 2008). The phase morphology of the mixture is based on gelatin 
forming a continuous phase, which is interrupted by the abundance of milk solids.
4.4. Rheology of Pressure 
The influence of HPP to steady shear viscosity varies depending on the composition 
of the formulation and applied static pressure. HP
mixtures with low milk-solid content (5 and 10% w/w) 
increase the system viscosity at higher milk concentrations (15 and 20% w/
. 
A) and storage modulus (B) of gelatin gels 0.6% w/w (
-solid
) and 20% w/w () (all measurements were 
(1997), increase in the net 
presented in Figure 4-2 B, addition of milk solids 
G’ in the mixture compared to the aqueous gelatin solution. 
of water 
Treated Milk–Gelatin Mixtures 
P at 300 MPa reduced the viscosity of 
in Figure 4-3 (A and 
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(C and D). Applying HPP at 600 MPa, reduced the viscosity of all milk
(Figure 4-3 A–C), except the mixture
Figure 4-3. Apparent viscosity of milk
various milk-solid concentrations: 5% w/w (
without the influence of HPP (
(all pressure treatments were conducted for 15 min at room temperature and 
measurements were taken at 5
Although gelatin exhibits a decrease in both viscosity and storage modulus upon HPP 
(Figure 4-1 A and B), the presence of relatively high amounts of milk solids appear to assist 
in the structure formation of protein
possibly break down once subjected to intermediate pressure (250
 prepared with 20% w/w milk solids (Figure 
-gelatin gels prepared with 0.6% w/w gelatin and 
A), 10% w/w (B), 15% w/w (C) and 20% w/w (
) and as affected by HPP at 300 MPa (
 °C). 
. Recalling that casein micelles at the natural pH of milk 
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Orlien, Boserup, & Olsen, 2010), the smaller fragments of casein micelles should stabilise 
the overall structure of the mixture. As highlighted by Tolstoguzov (2000), the dissociation 
of complex proteins (such as casein micelles) into simpler forms increases the interfacial 
contact between the two polymeric constituents leading to enhanced stabilisation of the 
gelling component, i.e., triple helix of gelatin, in the present mixture. In addition, the 
mixture prepared with 20% w/w milk solids could resist HPP at 600 MPa, with nearly 
unchanged viscosity, as opposed to the viscosity reduction observed at more dilute 
preparations (Figure 4-3). At this level of applied pressure, caseins submicelles cannot 
contribute to viscosity enhancement, since gelling ability of gelatin was compromised to a 
significant extent. 
Finally, a rheological measurement was carried out at 35 °C, i.e., at the vicinity of the 
gelatin-network melting temperature, to assess the nature (i.e., morphology) of the 
composite following HPP. For both untreated and pressurised mixtures, steady shear 
viscosity drops dramatically due to the collapse of the gelatin network to values well below 
10 mPa.s (results not shown). Thermal analysis of the samples using micro-DSC corroborates 
this observation by showing the expected melting temperature of the protein gel with or 
without dairy solids (< 30 °C in Table 4-1). This outcome argues for the absence of direct 
associative interactions, in the form of electrostatic attraction or via conformational 
compatibility, between the two polymeric components in atmospheric and HPP mixtures. 
The importance of a phase separated gelatin network for structure formation is, hence, 
further supported. Note that the rheological measurements performed on milk solutions are 
not reported in the previous figures because the solutions did not gel and, thus, yielding 
very small values (G’ < 0.1 Pa) for the complex modulus. 
Table 4-1. Melting temperature of gelatin gels and in milk-gelatin mixtures, prepared 
from gelatin and various milk-solid concentrations as shown, with and without high 
pressure treatment 
 Melting temperature (Tm), °C 
Samples 0.1 MPa 300 MPa 600 MPa 
Gelatin gel (0.6% w/w) 27.5 27.8 27.7 
Milk 5% w/w + Gelatin 0.6% w/w 27.7 29.0 29.5 
Milk 10% w/w + Gelatin 0.6% w/w 27.7 27.8 28.0 
Milk 15% w/w + Gelatin 0.6% w/w 28.3 28.3 28.7 
Milk 20% w/w + Gelatin 0.6% w/w 29.3 27.5 28.3 
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3.4. Tangible Evidence of Phase Morphology in Pressure Treated Milk–Gelatin Mixtures 
The microstructure of milk-gelatin mixtures was investigated with CLSM (Figure 4-4). 
Milk proteins, stained with Fast Green, appear green whilst the gelatin phase remains black. 
The latter displays thin strands and small pores prior to HPP (Figure 4-4 A), reflecting the 
transparant nature of gelatin network. This network becomes unevenly dense following 
pressurisation, with coarse aggregates surrounding bigger water holding voids (Figure 4-4 B 
and C), an outcome which is congruent with the declining G’ values shown in Figure 4-1 A. 
 
Figure 4-4. Confocal images of gelatin gels 0.6% w/w (A–C) and milk-gelatin mixtures 
prepared from gelatin 0.6% w/w and milk solids at 10% w/w (D–F) or 20% w/w (G–I), with 
untreated samples being on the left handside (A, D, and G), samples treated at 300 MPa 
being placed in the middle (B, E, and H) and those being treated at 600 MPa are in the right 
handside (C, F, and I) (all pressure treatments were conducted for 15 min at room 
temperature). The length of the scale bar is 75 µm of images is 1024 µm × 1024 µm. 
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The phase morphology of the mixture exhibits inclusions of milk-protein rich regions 
within a gelatin-rich continuous phase for atmospheric samples (Figure 4-4 D and G). This 
result is in agreement with the concept of phase separation postulated presently and also 
reported for similar milk solid (2−18% w/w) and higher gelaWn (1.5−3% w/w) concentraWons 
(Hermansson, Altskär, & Jordansson, 1998). For all experimental mixtures, gelatin forms the 
continuous phase and the discontinuous milk protein inclusions grow bigger as the quantity 
of the latter is increased in preparations; this finding is in agreement with an earlier 
observation by Hermansson et al. (1998) with 1.5% w/w gelatin and 2–14% w/w of SMP. 
Cloudy confocal images are captured in milk-gelatin mixtures following HPP at 300 
MPa as presented in Figure 4-4 E. These do not closely resemble the three dimensional 
arrangement of the unpressurised mixtures, an outcome which reflects the distraction of 
casein micelles with increasing applied pressure bringing the two polymeric systems at the 
proximity of each other. Protein dissociation in electrostatically attracted ι-carrageenan and 
casein submicelles under HPP, raise the opportunity for direct interaction of the two 
macromolecules (Abbasi & Dickinson, 2004). However, ‘coacervation’ leading to 
coprecipitation and reduced viscosity is likely to occur in these cases (Barth, 2007), which is 
not the observation in our systems. Instead, highly ruptured colloidal casein micelles 
produces dense aggregates (Figure 4-4 H), which further increase the stability of the gelatin 
helix leading to an increased viscosity in the composite with 20% w/w milk protein (Figure 
4-3 D). 
Finally, application of 600 MPa leads to considerable disruption of the colloidal 
casein network (Figure 4-4 F) and corresponding reduction in viscosity (Figure 4-3 B). 
Mixtures prepared with 20% w/w milk solids form dense aggregates through the intense 
pressurisation of 600 MPa (Figure 4-4 I) and exhibit high viscosities (Figure 4-3 D). 
3.5. FTIR Spectra of Pressure Treated Milk-Gelatin Mixtures 
Changes in protein structure due to HPP can be traced through FTIR spectra within the 
range of amide vibrations. Amide I band is the primary band assigns to consider for protein 
secondary structure and is located within 1600 and 1690 cm
-1
. This band reflects the C=O 
stretching, which is interfered with protein unfolding or interactions with the 
physicochemical environment. In general, FTIR spectra of high-pressure treated proteins 
display decreasing frequency of Amide I band due to reforming of hydrogen bonds under 
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high pressure and consequent disturbance of the C=0 bond 
the present work, milk-gelatin mixtures 
intensity within 1600−1700 cm
3000 and 3500 cm-1 following HPP of our systems (
Altered arrangement of hydroge
1575 cm-1), since the alteration of hydrogen bonds
(Barth, 2007; Carbonaro, & Nucara, 2010)
Amide II band but, thus far, this band is rarely used to give further information on 
pressure treated proteins (Dzwolak, Kato, & Taniguchi, 2002)
band (1229−1301 cm-1), which reflects CN stretching and NH bending. Samples containing 
milk solids give amide III vibrations typical of native micellar casein 
Aberkane, & Scher, 2011). There is also a limited decrease in absorbanc
HPP in our materials (Figure 4
to the effect of pressure on the secondary structure of proteins.
Figure 4-5. FTIR spectra of aqueous milk
and milk-solid at 20% w/w, without the influence of 
HPP at 300 MPa (blue curve
conducted for 15 min at room temperature
 
 
(Carbonaro & Nucara, 2010)
demonstrated a small decrease in absorbance 
-1 and a limited increase in absorbance intensity between 
Figure 4-5). 
n bonds can be recognised from Amide II band (1480
 influences the NH bending vibration 
. Spectra in Figure 5 reveal a small decrease in 
. There is also the A
e in this band due to 
-5), but no supporting scientific publication 
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4.4. Conclusions 
The present work showed that the rheology and microstructure of milk-gelatin 
mixtures can be tailored by controlling the degree of aggregation which depends on 
composition, applied pressure and, of course, temperature in the case of gelatin. HPP can 
increase the viscosity of milk-gelatin mixtures due to segregative phase separation between 
the two polymeric components. Application of intermediate to high pressure (300 to 600 
MPa) results in changing microstructure in the mixture depending on the milk-solid content. 
In the presence of milk solids at levels of industrial interest (< 20% w/w), gelatin structure 
formation at refrigeration temperature is enhanced following application of high pressure. 
Results are of interest, since high pressure is increasingly seen as a substitute of 
conventional thermal treatment, with possible application in yoghurt manufacture where 
gelatin is used as a stabiliser. 
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5. Modification of Structural and Rheological Properties of Whey Protein/Gelatin 
Mixtures through High Pressure Processing 
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Abbreviations 
CLSM  Confocal Laser Scanning Microscopy 
G’  Elastic Modulus (Pa) 
G”  Viscous Modulus (Pa) 
HPP  High Pressure Processing 
SMP   Skim Milk Powder 
Tgel  Gelling Temperature (°C) 
Tm  Melting Temperature (°C) 
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Abstract 
 High pressure processing (HPP) can induce structure development in 
macromolecules via distinct molecular mechanisms from that of conventional thermal 
treatments. In this study, gelation properties of whey protein (5 to 20% w/w) upon HPP at 
600 MPa for 15 min at 5 and 30 °C (initial sample temperatures) were examined in the 
presence and absence of 5% w/w gelatin as the co-solute. The values of storage modulus 
(G’) in HPP treated mixed gels were below those for the thermally treated counterparts at 
80 °C. Mixed systems subjected to HPP in the solution state possessed eventually higher G’ 
than the mixed systems subjected to HPP in the form of gels. The cooling profile of G’ in 
pressurised mixed solutions was similar to that of the gelatin solution, which indicates a 
high degree of gelatin continuity within the pressurised mixed matrices. Confocal images 
confirmed that gelatin was the continuous phase of the pressurised mixed systems whilst 
whey protein aggregated in discontinuous inclusions. 
 
Keywords: whey protein; gelatin; high pressure processing; rheology; microstructure 
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5.1. Introduction 
HPP is a non-thermal technology that found early application in the food industry for 
extending the shelf life of perishable foods. One of its highlighted features is its ability to 
retain the sensory and nutritional properties of food products better than conventional 
thermal processes because HPP can be performed near room temperature, with the 
resultant products often being microbiologically stable during subsequent refrigerated 
storage. Typically, pressures up to 800 MPa and temperatures between 5 and 40 °C are used 
in commercial applications (Heinz & Buckow, 2010). In addition, this technology has 
triggered a new dimension in the field of food sciences in relationship to the modification of 
macromolecular arrangements such as protein denaturation, starch gelatinisation, or other 
interactions between food ingredients (Devi, Buckow, Hemar, & Kasapis, 2013a). Gelation 
induced via HPP may be directed by a different molecular mechanism from that of thermal 
processing. Thus, HPP can be used as a tool to tailor unique properties of food gels, which 
may not be forthcoming through other ways of processing (Walkenström & Hermansson, 
1997a). 
Dairy proteins receive special attention from food scientists due to their gelling 
behaviour under a high pressure environment. Their versality to functionalise various food 
products encourages HPP research for imparting structure and texture in both model 
systems and commercial products (Devi et al., 2013a). In formulation engineering, stabilisers 
and gelling agents (i.e., starch, pectin, and gelatin) are commonly used to produce satisfying 
palate perception. Amongst these gelling agents, gelatin is considered to be the archetype 
of a soft and elastic gel. Gelatin is often incorporated in dairy products to stabilise and 
impart the desirable texture; hence, interaction between gelatin and dairy proteins during 
HPP is an attractive research field. However, a limited number of publications are available 
for mixtures of dairy proteins and gelatin as influenced by HPP with regard to their 
rheological and structural properties (Devi, Liu, Hemar, Buckow, & Kasapis, 2013b; 
Walkenström & Hermansson, 1997a, 1997b). 
The objective of this experimental study was to investigate the effect of HPP on the 
rheological and structural properties of whey protein and gelatin mixtures. Since the order 
of structure formation affects the morphology of the resultant gel and the ability of HPP 
(combined with temperature) to manipulate the kinetics of gelation (Walkenström & 
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Hermansson, 1997b), experimental mixtures were subjected to HPP in two different ways: 
firstly as a solution above the disorder-to-order transition temperature of gelatin (i.e., >30 
°C) and secondly in the gel state after overnight (20−24 h) cold (5 °C) storage to allow the 
gelatin to set in advance. The formation of distinct types of gelatin continuous matrices was 
hypothesised to affect whey protein denaturation and aggregation from the solution or the 
gel state leading to distinct composite morphology. Characterisation of the resultant gels 
ranged from micromolecular rheological measurements to macromolecular images using 
confocal laser scanning microscopy. 
5.2. Materials and Methods 
5.2.1. Materials 
Whey protein isolate (WPI) from Fonterra Co-operative Group Limited (Auckland, 
New Zealand) was used in this study. This WPI was an easily dispersed creamy white 
powder, which is commercially available as WPI Instantised 894. This WPI powder possessed 
good dispersibility/solubility. The certificate of analysis received from the manufacturer 
recorded the fat, ash and moisture contents of 1.02%, 3.1%, and 5.47% (w/w), respectively. 
The protein content (6.38×N) of the WPI powder was 87.57% (w/w; dry basis), 
typically consisting of β-lactoglobulin (71.0%; ratio of monomer to dimer is 5:1), α-
lactalbumin (18.0%) and bovine serum albumin (BSA, 6.0%). The molecular weights are 18, 
14, and 66 kDa, for β-lactoglobulin monomer, α-lactalbumin, and BSA, respectively. The 
isoelectric pH (pI) of α-lactalbumin is 4.4, whereas the pI values of BSA and β-lactoglobulin 
are 5.1 and 5.4, respectively (Bonnaillie and Tomasula, 2008). WPI solutions of 5 to 20% w/w 
in deionised water gave pH of 6.7–6.8. 
Gelatin, produced through alkaline hydrolysis of beef skin (type B), was purchased 
from Sigma Aldrich (G9382 #088K0106, St. Louis, IL, USA). This gelatin was supplied as a 
beige powder. This material had an isoelectric point of 4.7–5.2 and Bloom value of 225. A 
5% w/w gelatin solution in deionised water gave pH of 4.8–4.9. 
5.2.2. Sample Preparation 
Aqueous gelatin solution (5% w/w) was prepared by soaking gelatin granules in 
deionised water overnight (20−24 h) at 5 °C then heated and stirred for 15 min at 65 °C. The 
gelatin solution was either cooled down to 30 °C prior to warm HPP (600 MPa, 15 min, 30 °C 
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(initial sample temperature)) or stored at 5 °C overnight (20−24 h) prior to cold HPP (600 
MPa, 15 min, 5 °C (initial sample temperature)). 
Whey protein solutions with concentrations of 5%, 10%, 15% and 20% w/w were 
prepared by dispersing WPI powder in deionised water under stirring for 30 min at room 
temperature, followed by overnight (20−24 h) storage at 5 °C to allow complete hydration. 
WPI solutions were restirred for 1 min on the following day to ensure homogeneity prior to 
cold pressurisation (600 MPa for 15 min at 5 °C (initial)). When warm pressurisation (600 
MPa for 15 min at 30 °C (initial)) was desired, these WPI solution were warmed to 30 °C in 
advance. 
Mixtures of WPI–gelatin with final concentrations of 5%, 10%, 15% and 20% w/w 
WPI and 5% w/w gelatin were prepared from the individual solutions at twice the target 
concentrations. Equal weights of both solutions were mixed at 45 °C for 15 min to produce 
the experimental mixtures. Gelatin addition decreased the pH of the mixtures by ~0.2 
compared to that of WPI solutions. The mixtures were either let to cool to 30 °C prior to 
warm HPP or set to gel at 5 °C overnight (20−24 h) prior to cold HPP. Both solutions and gels 
were transferred into polyethylene bags (Venus Packaging, Melbourne, VIC, Australia) prior 
to HPP. 
5.2.3. High Pressure Treatment 
HPP was performed at 600 MPa for 15 min in a QUINTUS® Food Press (QFP 35 L-600-
S Food Press, Avure Technologies AB, Västerås, Sweden) with initial temperatures of 5 °C 
(cold HPP) and 30 °C (warm HPP). Recorded temperature profile during HPP showed that 
during compression to 600 MPa the temperature increased by ~20 °C. The maximum 
temperature (~50 °C) was not high enough to induce thermal denaturation of whey 
proteins. Following the specified holding time, pressure was released instantaneously to 
atmospheric pressure. The compression and decompression rate was standardised at 
approximately 4 and 100 MPa/s, respectively. 
5.2.4. Thermal Treatment 
Thermal treatment was performed by heating whey protein solutions and binary 
mixtures from 45 to 80 °C at 1 °C/min, followed by cooling to 5 °C at 1 °C/min in the 
rheometer during temperature sweeping. The procedure is further explained in section 
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5.2.5. For microscopic examination, thermally-induced gels were prepared in a 20 mL beaker 
glass, heated from 45 to 80 °C at ~1 °C/min and cooled to 5 °C in a water bath to mimic the 
thermal gelation process in the rheometer. 
5.2.5. Rheological Measurement 
Dynamic oscillation measurements were performed using a stress-controlled 
rheometer (Paar - Physica MCR 300, Anton Paar GmbH, Ostfildern, Germany). This dynamic 
oscillation analysis determines the storage modulus (G’) and loss modulus (G”) components 
of the network of the material. Two different geometries were used for the rheological 
analysis. A cup and bob (TEZ-CC.27 6325) was used when the loaded samples were in sol 
state. When gelled samples were analysed, a serrated parallel plate (TEK-PP.25 3163) was 
the geometry of choice. A thin layer of silicon fluid (50 mPa.s) was used to cover the 
exposed edges of the sample to prevent moisture loss when the rheology procedure 
involved heating. 
The experimental protocol for 5% w/w gelatin solution consisted of (1) a 
temperature sweep from 45 to 5 °C at 1 °C/min, 1 rad/s, and a 1% strain, and (2) a 
frequency sweep from 0.1 to 100 rad/s at 5 °C and 1% strain. 
Thermal whey protein rheology involved (1) a temperature sweep from 45 to 80 °C 
at 1 °C/min, 1 rad/s, and 1% strain, (2) a temperature sweep from 80 to 5 °C at 1 °C/min, 1 
rad/s, and 1% strain, and (3) a frequency sweep from 1 to 100 rad/s at 5 °C and 1% strain. 
The first rheological measurement for binary mixtures was aimed to investigate their 
behaviour as influenced by heating, thus the measurement followed the protocols for 
thermal whey protein rheology. The second rheological measurement for binary mixtures 
was intended to analyse them in their native conformation and thus followed the 
experimental course for gelatin rheology. 
Upon warm HPP (600 MPa, 15 min, 30 °C (initial sample temperature)), all samples 
were loaded onto the rheometer to be examined using the gelatin protocol. The cooling run, 
however, started at 30 °C, which was the initial temperature of the samples. When WPI gels 
were formed during the warm HPP (600 MPa, 15 min, 30 °C (initial sample temperature)), 
they were cut using a scalpel to a thickness of ~2 mm prior to loading onto the rheometer. 
These WPI gels were analysed using gelatin protocol, started at 30 °C. 
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Gelatin and binary gels, subjected to cold HPP (600 MPa, 15 min, 5 °C (initial sample 
temperature)), were cut using a ~2 mm cheese slicer and placed onto the rheometer to be 
analysed using a frequency sweep from 0.1 to 100 rad/s at 5 °C and 1% strain. WPI gels 
resulted in from cold HPP (600 MPa, 15 min, 5 °C (initial sample temperature)) were cut 
using a scalpel to a thickness of ~2 mm and then analysed with the same protocol. 
5.2.6. Microstructural Analysis 
Images were taken using a Leica SP5 CLSM (Leica Microsystems, Wetzlar, Germany). 
A drop of Fast Green FCF (0.4% in deionised water) was added to every 10 mL of the 
prepared sample prior to any treatment. HPP and thermal processing were performed as 
decribed previously. At the end of both treatments, dyed samples were cold stored at 5 °C 
for at least 2 h before being cut and placed onto microscopic slides. When non-gelled 
samples were obtained at the end of treatment, a glass cavity slide was used. Regardless of 
the type of microscopic slides, cover slips were put on top of the samples. The microscopic 
analysis was performed at room temperature with a HCX PL APO 63.0×1.30 GLYC 37°C UV 
objective lens. Fast Green was excited by HeNe 633 nm laser and the emitted light was 
recorded at 646−719 nm. 
5.3. Results and Discussion 
5.3.1. Rheology of the Whey Protein Gel 
Whey protein gels produced through heat treatment exhibited an increasing G’ 
during heating due to protein denaturation and aggregation (Figure 5-1). Whey protein 
solution at 5% w/w did not form a cohesive structure during heating to 80 °C because there 
was not enough protein to develop a three dimensional network above its minimum critical 
gelling concentration. The G’ of thermal WPI gels increased with concentration since higher 
levels of solids result in extensive intermolecular interactions. Aggregation was initiated by 
thermally-induced unfolding of whey protein; thus most sulphydryl groups and some other 
hydrophobic sites may be exposed. This exposure is followed by the formation of primary 
polymer strands through disulfide bridges and hydrophobic links as the major and minor 
bonds, respectively. Primary polymer strands are then linked through non-covalent 
associations to form the final structure of the gel (Vardhanabhuti, Foegeding, McGuffey, 
Daubert, & Swaisgood, 2001). 
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We observed that higher WPI concentrations (≥ 15% w/w) are required to induce 
gelation after 15 min at 600 MPa at a lower temperature (5 °C). This result was in allignment 
with a previous study by Van Camp, Feys, and Huyghebaert (1996), which confirmed that an 
increase in temperature during pressure treatment reduced the minimum protein 
concentration required to form a gel (experimental design included WPC of 73.4% protein 
and sample concentrations of 110−183 g/L). Furthermore, a processing temperature higher 
than 50 °C gave a stronger gel upon HPP (400 MPa for 30 min) than lower processing 
temperatures (e.g., 30 °C). 
In our work, pressure-induced WPI gels did not exhibit a high water holding capacity; 
they were porous with low levels of incorporated liquid filling the polymeric cavities. Gel 
formation was inhomogenous throughout the matrix and left nearly half of the initial liquid 
as bulk phase separated solution. Experimental work by Zasypkin, Dumay, and Cheftel 
(1996) on pressure-induced β-lactoglobulin gels revealed higher protein concentrations 
(13−22%) in the resultant gels compared to the concentrations of the initial solutions 
(9−17%), which indicated migration of protein from the soluble phase into the gel. Water 
was further released from the gels during mechanical testing. In contrast, thermally-induced 
whey protein gels were more compact and cohesive as the consequence of a good 
intermolecular network through disulfide bonding (Van Camp & Huyghebaert, 1995). 
5.3.2. Rheology of the Gelatin Gel 
Gelatin gels undergone HPP at both temperatures (5 and 30 °C) did not display 
significant (p < 0.05) changes in G’ in comparison to the untreated counterparts during a 
frequency sweep (Figure 5-2). According to Kulisiewicz and Deldago (2009), application of 
high pressure (300 MPa, 10 °C, 100 min) during the setting of gelatin solutions (B type, 225 
Bloom, native pH) increased the G’ of systems only when the gelatin concentration was high 
enough (6−10%, w/w), and nearly no effect on G’ was observed when lower concentrations 
(1−4%, w/w) were used. An increase of G’ by ~1.5 kPa and an increase of melting 
temperature (Tm) by ~1.5 °C were observed for gelatin (A type, 250 Bloom) following cold 
setting of 3% pressurised solutions (600 MPa, 20°C, 20 min) at 7.5 compared to those gelled 
at ambient pressure, although no obvious microstructural differences were detected in 
transmission electron microscopy images (Walkenström & Hermansson, 1997a). 
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constituents. The rheological behaviour, however, would qualitatively follow that of the 
continuous phase. An early stage of phase separation was noticed by the development of 
turbidity upon mixing. The turbidity can be explained by the existence of one polymer as the 
continuous phase, with the other one being the discontinuous inclusions forming a ‘water-
in-water’ emulsion. For gelling biopolymers, this emulsion structure can be ‘trapped’ by 
network formation to produce a biphasic composite gel (Morris, 2009). 
The increase in G’ of the thermally treated WPI–gelatin mixtures was caused by 
segregative phase separation, which encouraged the self-association of whey protein 
polymers. According to Fitzsimons et al. (2008), associative interaction between whey 
protein and type B gelatin was unlikely to occur as both proteins were negatively charged at 
their examined pH (7.0) regardless of the gelatin being in a random coil or helical 
conformation. The statement is relevant to this work as the pH of our mixtures is 6.5–6.6. 
Whey protein and gelatin are also unlikely to associate through disulphide bonds since the 
latter lacks cysteine (Poppe, 1992). 
5.3.4. Rheology of Whey Protein and Gelatin Mixtures as Affected by High Pressure 
Pressure treated mixtures at 5 and 30 °C demonstrated enhanced G’ values 
compared to those of the untreated counterparts, but were lower than the thermally-
induced gels (Figure 2). Single and binary gels were independent of frequency indicating 
strong networks. The effect of HPP on the cooling profile can be seen in Figure 5-6, which 
includes results from mixtures subjected to warm HPP (600 MPa, 15 min, 30 °C (initial 
sample temperature)) showing increased gelling temperatures (Tgel). This experimental 
outcome suggests that gelatin governs the cooling profile of pressure treated mixtures since 
gelatin per se experiences an increase in Tgel upon warm HPP (600 MPa, 15 min, 30 °C (initial 
sample temperature)). This rheology output was confirmed by confocal microscopy images 
(Figure 5-7), which displayed a continuous gelatin phase in our matrices following HPP. In 
contrast, thermally treated mixtures - particularly those comprising 15 and 20% (w/w) WPI - 
display phase inversion where whey protein aggregates in a continuum instead of gelatin 
(Figure 5-5 (B and D)); the Tgel of gelatin in these mixtures is noticed towards the end of the 
cooling run (Figure 5-4). 
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Figure 5-7. Confocal images of mixtures of gelatin 5% w/w with WPI 10% w/w (A and B) or 
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clustered WPI aggregates was possible during thermal treatment because gelatin was in the 
disordered state. The low viscosity of this medium allows WPI to readily associate. 
During warm HPP (600 MPa, 15 min, 30 °C (initial sample temperature)), gelatin was 
at the vicinity of its transition point, with viscosity remaining relatively high to hinder easy 
access to self-association of WPI. According to Walkenström and Hermansson (1997a), the 
barrier for whey protein to self-associate was bigger when it was dispersed in cold-set 
gelatin gel because gelatin gels within the selected experimental condition of low 
temperature (i.e., 5 °C) had gelled prior to HPP, leaving limited space for whey protein to 
aggregate during HPP. 
5.4. Conclusions 
This study demonstrated that the rheology and microstructure of mixed gels of whey 
protein isolate and gelatin can be manipulated through HPP at 600 MPa. Loading the binary 
mixtures at two different states (either solutions or gels) has a remarkable impact on the 
structural properties of the generated matrices as detected by rheology or visualised with 
microscopy images. Application of 600 MPa for 15 min at 30 °C to solutions of the two 
proteins in mixture generates higher values of storage modulus and relatively monodisperse 
whey protein aggregates, as compared to the outcome from mixtures pressurised at 600 
MPa for 15 min at 5 °C with an advance overnight (20−24 h) storage at 5 °C to allow gelatin 
gelation. Whilst thermal treatment disrupted the continuity of gelatin structure to allow 
whey protein aggregates to dictate phase behaviour in the composite gel, high pressure 
application at temperatures below the thermal denaturation of whey protein (i.e., <65 °C at 
pH ∼6.8) permitted gelatin to maintain its continuity within the mixed matrix. Therefore, 
pressure treated mixtures display gel-like consistency similar to that of single gelatin 
systems suggesting a range of applications for the development of novel food products. 
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6. Colour Change and Proteolysis during High Pressure Thermal Processing of 
Skim Milk 
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Abbreviations 
Af  accuracy factor 
APR  Amadori product rearrangement 
BSA  Bovine Serum Albumin 
C0  initial free amino group concentration 
C/C0  fraction of free amino groups  
CIE  Commission Internationale de L'éclairage 
Da  Dalton 
HPLC  High Performance Liquid Chromatography 
HPP  High Pressure Processing 
HPTP  High Pressure Thermal Processing 
IgG  Immunoglobulin 
kDa  kiloDalton 
LF  Lactoferrin 
M  number of observations 
MPOS  mopholine propanesulfonic acid 
N  number of fitted parameters 
NAC  N-acetyl-L-cysteine 
NPN  Non-Protein Nitrogen 
p  pressure (MPa) 
OPA  ortho-phthaldialdehyde 
T  temperature (°C) 
TCA  trichloroacetatic acid 
TFA  trifluoroacetic acid 
R
2
  coefficient of determination 
RFU  Relative Fluoresence Unit 
RT   retention time (min) 
t  time (min) 
SE  standard error of fit 
SMP  Skim Milk Powder 
TEM  Transmission Electron Microscopy 
UV  ultra violet 
 
a*  the absolute differences of green-red coordinate 
b*  the absolute differences of blue-yellow coordinate  
Eab  total colour difference 
L  the absolute differences of lightness 
V  activation volume 
λ  wavelength
 
λem  emission wavelength 
λex  excitation wavelength 
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Abstract 
The effect of high pressure thermal processing (HPTP), in the range of 100−140 °C 
and 0.1−600 MPa up to 60 min, on colour change (from white to caramel brown) and 
proteolysis of reconstituted skim milk (10% w/w) was investigated. The colour change was 
quantified using total colour difference (Eab). The extent of proteolysis was determined by 
chromatograpy of peptides soluble in 2% tricholoro acetic acid. The free amino acids 
reduction was measured fluorimetrically using an o-phtalaldehyde method. The kinetic 
results showed that colour change and proteolysis increased with both increasing 
temperature and pressure. The apparent reduction of free amino acids increased with 
increasing temperature, but was hampered with increasing pressure. This implies a 
possibility of accelerated sugar conjugation to milk proteins/peptides at higher 
temperature. The conjugation, however, might be slowed at higher pressure The colour 
change reached its highest rate at 400 MPa at which most of the milk proteins formed 
coagulates and left the solutions nearly translucent. Mathematical models describing the 
kinetics of colour change, proteoysis, and free amino acids reduction as a function of 
pressure and temperature are proposed. 
 
Keywords: high pressure, skim milk, browning, proteolysis, sugar conjugation, kinetics 
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6.1. Introduction 
One of the early publications on HPP for food applications demonstrated that HPP 
was able to prevent milk souring (Hite, 1899). Using raw milk, Mussa and Ramaswamy 
(1997) observed that HPP (350 MPa, room temperature, 32 min which resulted in 4 log-
cycle reduction) could extend the shelf-life of milk up to 18 days at 5 °C. Later, Bozoglu, 
Alpas, and Kaletunç (2004) observed the survival of Listeria monocytogenes CA (initially ~107 
cfu/mL) in skim milk on the sixth day after HPP (550 MPa, 45 °C, 10 min, then stored at 4 
°C). Both studies (Bozoglu et al., 2004; Mussa & Ramaswamy, 1997) confirmed that 
refrigerated storage (~5 °C) was required to maintain slow microbial germination and/or 
outgrowth of the pressurised milk. Thus, HPP at low temperature (i.e., ≤45 °C) gives a 
pasteurisation instead of a sterilisation effect on milk. 
The challenge in food preservation using HPP is bacterial spore inactivation. Bacterial 
spores often survive during HPP up to 1500 MPa (room temperature) (Wilson, Dabrowski, 
Stringer, Moezelaar, & Brocklehurst, 2008). The spores germinate, grow, and profilerate 
within the food matrices during storage which results in spoilage and/or intoxication. 
According to Heinz and Buckow (2010), strategies to inactivate bacterial spores with regards 
to HPP include one step combined high pressure thermal processing (HPTP), HPP preceeded 
by spore germination, and HPP followed by prevention of spore germination. The one step 
HPTP is so far the most considered strategy. 
The inactivation of Bacillus subtilis (PS832) in skim milk during HPTP (600 MPa and 70 
°C for 3 min) was 4.3–5.0 log-cycle reduction (Syed et al., 2012). The same study showed 
that HPTP (600 MPa for 3 min) at lower temperature (60 °C) resulted in only 0.76–0.94 log-
cycle reduction. And thus, the efficacy of bacterial spore inactivation during HPTP increased 
with increasing temperature. Using milk buffer as a medium, Gao, Ju, and Hiang (2006) 
predicted and verified the optimum condition (defined as the lowest pressure and 
temperature combination with the shortest processing time) for achieving 6 log-cycle 
reduction of Geobacillus stearothermophilus (As 1.1923) spores. The optimum condition was 
625 MPa at 86 °C for 14 min. Also using milk buffer as a medium, Ju, Gao, Yao, and Qian 
(2008) concluded the optimum condition to reach 6 log-cycle reduction of Bacillus cereus AS 
1.1846 spores was 540 MPa and 71 °C for 16.8 min. 
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HPTP has the potential to deliver sterilised food products with a better quality in 
comparison to traditional thermal processing. However, combining HPP with elevated 
temperatures (i.e., > 50 °C) for food preservation often affect other reactions besides 
microbial inactivation, such as Maillard reaction (Jaeger, Janositz, & Knorr, 2010) and 
degradation of bioactive and flavour compounds (Oey et al., 2008; Van der Placken et al., 
2012). Reviews of food quality (i.e., spices, fruits, juices, vegetables, and meats) after HPTP 
are available (Matser, Krebbers, van den Berg, & Bartels, 2004; Tewari, Jayas, & Holley, 
1999; Oey et al., 2008; Van der Placken et al., 2012; Wilson et al. 2008). 
In contrast to vegetable, fruit, and meat-based products, limited numbers of studies 
addressed the quality of dairy products as influenced by HPP and/or HPTP (Devi, Buckow, 
Hemar, & Kasapis, 2013; Trujillo, Capellas, Saldo, Gervilla, & Guamis, 2002); nonetheless, 
publications on the effect of HPP and/or HPTP on milk quality are sparse. Studies on milk 
quality as influenced by HPP and/or HPTP include altered lightness (Johnston, Austin, & 
Murphy, 1992; Gaucheron et al., 1997), taste (García-Risco, Olano, Ramos, & López-Fandiño, 
2000), and aroma (Vazquez-Landaverde, Torres, & Qian, 2006; Vazquez-Landaverde, Qian, & 
Torres, 2007). To our best knowledge, studies focusing on milk quality as affected by HPTP 
at higher temperatures (i.e., ≥ 100 °C) are not available. Processing milk at elevated 
temperatures (i.e., > 50 °C) can induce proteolysis (Hustinx, Singh, & Fox, 1997) and Maillard 
reaction (Burton, 1994). 
Milk, which has undergone thermal processing, experiences colour change. Firstly, 
an increase in lightness occurs due to denaturation and conjugation of β-lactoglobulin to К-
casein. At the early stage of the Maillard reaction in milk, lysine conjugates with lactose and 
results in colourless compounds. These compounds convert into coloured products 
including melanoidins during the final stage of the Maillard reaction. Regardless the 
complexity of the Maillard reaction, the progress can be traced based on colour 
measurement of the examined milk systems (Burton, 1994). 
In contrast to heated milk, the discussions on visual change of high pressure (at low 
temperature, i.e., ≤ 40 °C) treated milk focused on its light scattering properties (i.e., 
lightness and turbidity) rather than its tristimulus colour variables (i.e., Lab system). Change 
in the lightness/turbidity of milk upon HPP was usually associated with the change of casein 
micelle conformation. Reduced lightness and turbidity of milk upon HPP and its association 
with casein size was summarised by Huppertz, Kelly, and Fox (2002). Temperature holding 
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during HPP, particularly at mild pressures (200–300 MPa), affects the lightness/turbidity of 
milk (Gaucheron et al., 1997; Orlien, Knudsen, Colon, & Skibsted, 2006). To the best of our 
knowledge, previous studies on colour change in milk during HPP did not apply temperature 
higher than 40 °C. Under high pressure and high temperature condition, a more complex 
interaction amongst milk constituents (e.g., proteins and lactose) is likely to take place in 
milk which can result in concomitant colour change. 
Compared to other heat-induced changes of milk systems (e.g., Maillard reaction 
and disulfide-bonded aggregation), lesser studies were carried out on heat-induced 
proteolysis. One of the reasons is the lack of high precision analytical techniques for 
identifying the proteolysis products and determining their concentrations (Morales & 
Jiménez-Pérez, 1998). Heat-induced proteolysis occurs in milk and milk model systems 
regardless the buffering systems. For example, proteolysis of Na-caseinate (2.5% w/v in 
water, pH 7.0) (Hustinx et al., 1997) and proteolysis of phosphocaseinate in both natural and 
artificial milk serum (Gaucheron, Mollé, Briard, & Léonil, 1999). The nature of proteolysis in 
milk during thermal processing is not yet fully understood. Due to its complexity, model 
systems are often taken for experimental observations. Being more heat stable than whey 
protein and more available in milk, casein largely determines the heat stability of milk. 
Therefore, most studies on thermal proteolysis of milk proteins focus on casein (Guo, Fox, 
Flynn, & Mahammad, 1989). Casein degrades during severe heating (i.e., ≥ 120 °C) and 
results in peptide fractions, mostly from αs1-casein followed by К-casein (Gaucheron et al., 
1999; Hustinx et al., 1997). Whey protein experiences strengthening of hydrophobic 
bonding during heating to 60 °C. Whey protein unfolds and denatures during heating 
between 60 and 100 °C. Further heating to 140 °C causes breakdown of disulfide bonds and 
reduction of covalent cross-links (de Wit & Klarenbeek, 1984). 
The objectives of this study were to investigate and to model the proteolysis in milk, 
the interaction between milk proteins with lactose, and the consequences to milk colour as 
induced by HPTP. Reconstituted skim milk (10% w/w) was used as model media for 
processing in the range of 100–140 °C and 0.1–600 MPa under isothermal/isobaric 
conditions. The proteolysis was examined based on the 2% trichloroacetic acid (TCA)-soluble 
peptides using a reverse-phase HPLC and the ratio of free amino acids was investigated 
using the o-phthaldialdehyde/N-acetyl-L-cysteine (OPA/NAC) method. Colour change from 
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white to caramel brown was measured using a chromameter and is reported as CIE-Lab 
values. 
6.2. Material and Methods 
6.2.1 Material 
Skim milk powder (SMP), produced with low heat to ensure solubility and avoid 
cooked flavour, was purchased from Tatura Milk Industries Ltd., Tatura, VIC, Australia. The 
composition according to the manufacturer was as follows: 33.6% protein, 0.7% fat, 2.8% 
ash, 3.6% moisture, and 59.3% lactose. A solution of 10% w/w in deionised water gave a pH 
value of 6.7. 
6.2.2. Sample Preparations 
Reconstituted skim milk at 10% w/w was used throughout the study. SMP was 
dispersed in deionised water under stirring for 2 h at room temperature and allowed to fully 
hydrate overnight (20−24 h) at 5 °C. Milk solutions were transferred into 2.0 mL crimp vials 
(#5181-3375, Agilent Technologies Inc., Santa Clara, CA, USA) and sealed with an 11 mm 
silver aluminium crimp FEP/rubber cap (#5181-1210, Agilent Technologies) prior to thermal 
processing. For high pressure treatment, milk solutions were filled into 1.0 mL cryogenic 
vials (#5000-1012, Nalgene, Rochester, NY, USA). 
6.2.3. Isothermal/Isobaric Treatments 
Milk solutions were treated under isothermal/isobaric conditions at temperatures 
ranging from 100 to 140 °C and pressures of 0.1 to 600 MPa, up to 60 min. Heat treatments 
at atmospheric pressure were performed at 100–140 °C in a temperature-controlled water 
bath (#WB20, Ratek, Boronia, VIC, Australia), filled with glycerol (#38199, MERCK, 
Darmstadt, Germany). Samples were immediately cooled in iced water to stop further 
reactions. All experiments were performed at least in duplicates. The initial time (0 min) was 
defined as the time point when target temperature was reached after approximately 1 min, 
followed by immediate cooling in iced water. The initial colour, initial area (A0), and initial 
free amino group concentration (C0) were defined as the colour, area, and concentration, 
respectively, found in the samples at 0 min. 
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High pressure treatments were conducted using a multivessel high pressure 
apparatus (#U111, Unipress, Warsaw, Poland), with silicon oil (#M40.165.10, Huber, 
Berching, Germany) as the pressure-heat transmitting medium. Pressures at 200 to 600 MPa 
were applied with target temperatures of 100 to 130 °C. Temperatures of milk samples 
were monitored using a thermocouple, inserted into each sample vial. Milk samples were 
conditioned at ~5 °C before transferred into the high pressure vessels. Their temperatures 
increased due to the hot environment within the vessels. This pre-heating stage took 30–75 
s. Due to compression heating, pressurisation was started at a pre-target temperature, 
approximately 10–40 °C lower than the target temperature. Once a pre-target temperature 
was reached, compression commenced which would result in a target temperature and a 
target pressure. A compression rate of 21 MPa/s was used to increase the pressure from 
ambient to 600 MPa in less than 40 s. Treatment time was recorded as soon as isobaric and 
isothermal conditions were achieved. A data acquisition system (2700 Integra multimeter, 
Keithley Instruments, Cleveland, OH, USA), connected to the multivessel high pressure 
apparatus U111 software for data acquisition (Version 2.1c, Unipress, Warsaw, Poland), was 
used to monitor the pressure and temperature history of each sample. Upon 
decompression, samples were immediately removed from the vessel and placed in iced 
water to stop further reactions. All experiments were performed at least in duplicate. The 
initial time (0 min) was defined as the time point when target temperature and pressure 
were reached followed by immediate pressure release and cooling in iced water. The initial 
colour, initial area (A0), and initial free amino group concentration (C0) were defined as the 
colour, area, and concentration found in the samples at 0 min. 
6.2.4. Colour Measurement 
Colour of milk samples was determined using a chromameter (Konica Minolta CR-
300, Morinuchi, Tokyo, Japan) and recorded in CIE-Lab tristimulus system. Milk was placed 
in a glass cuvette, inserted into a black chamber (provided by Konica Minolta), and 
connected to the chromameter. Standard illuminant D65 was used as the light source. 
Colour measurement was taken in triplicate for each sample and mean values were used. 
The colour difference between milk before and after the treatment in this study was 
expressed as colour difference (Eab), which was calculated using Equation 6-1. This 
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equation was previously used to follow colour change of casein−glucose soluWon (Morales & 
van Boekel, 1998) and milk (Plagiarini, Vernile, & Peri, 1990) during heating. 
∆ = 9L:; − :N	; + ; − N	; + <; − <N	;O 
Equation 6-1 
where L is the lightness, a is the green-red co-ordinate, while b is the blue-yellow co-
ordinate. 
6.2.5. HPLC Analysis 
Prior to separation of peptides on HPLC, all thermal and/or high pressure treated 
milk was adjusted to 2% w/v trichloroacetic acid (TCA), by addition of 167 µL of 8% w/v TCA 
(#200-927-2, AnalaR, MERCK, Poole Dorset, United Kingdom) in water solution in 500 µL of 
milk. Short time (3 × 5 s) homogenisation (IKA Labortechnik T8 Ultra Turrax Disperser, 
Staufen, Germany) at pulse no.2 was applied on coagulated milk before 500 μL was taken 
for acid precipitation. The precipitated large peptides and intact milk proteins were 
removed by centrifugation (25,000 x g for 20 min at 4 °C) and the TCA soluble peptides were 
filtered through a 0.45 µm filter (#2165, GRACE Davison Discovery Sciences, Deerfield, IL, 
USA) before application to the column. HPLC was performed using an automated Thermo 
Finnigan Surveyor Plus system (San Jose, CA, USA) fitted with a widepore C18 reversed 
phase Aeris column (particle size 3.6 µm, pore size 300 Å, 150 mm x 2.1 mm; Phenomenex, 
Torrence, CA, USA) and guard column (10 mm x 2.1 mm, Phenomenex). The column 
temperature was maintained at 35 °C. 
Two solvents were used for elution; solvent A was 0.1% v/v of trifluoro acetic acid 
(TFA, #302031, SIGMA-ALDRICH) in water and solvent B was 0.1% v/v of TFA in acetonitrile 
(#OS-10520, Optigen Scientific, Jacksonville Bc, FL, USA). Peptide separation was achieved 
with a linear gradient of 2 to 70% solvent B (0.08% TFA in acetonitrile) in solvent A (0.1% 
TFA in water) over 65 min. The flow rate was maintained at 150 µL min-1. The eluate was 
monitored at 214 nm using a photodiode array detector. The HPLC system was connected to 
a computer using Xcalibur software (v1.4, Thermo Electron Corp., Waltham, MA, USA). 
6.2.6. O-phthaldialdehyde/N-acetyl-L-cysteine (OPA/NAC) Assay 
Measurement of free amino groups of milk samples was performed using an 
OPA/NAC method (Hernández, Camañas, & Alvarez-Coque, 1990a), modified for microplates 
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and fluorescence readers (Lochmann, Stadlhofer, Weyermann, & Zimmer, 2004). OPA 
(#P0657, SIGMA-ALDRICH, St.Louis, MO, USA) and NAC (#A7250, SIGMA-ALDRICH) solutions 
were prepared separately in ethanol and water, respectively, at a concentration of 0.05 M. 
Both solutions were prepared weekly and kept at 5 °C in the dark prior to further usage. 
Boric acid 0.1 M (#10058.3R, AnalaR, MERCK) buffer was prepared and adjusted to pH 9.5 by 
adding 1 M NaOH solution. OPA/NAC reagent was prepared daily by gently mixing OPA, 
NAC, and boric acid buffer solutions with a volumetric ratio of 1:1:8, respectively. This 
reagent was stored in the dark at 5 °C for at least 2 h for eliminating the background 
fluorescence (Lochmann, et al., 2004). Milk samples were diluted 500 fold by addition of 
water to be within the linear range of the assay and 100 µm was pipetted into the wells of a 
black microplate optiplate 96F (#81-635, Perkin-Elmer, Walthan, MA, USA). Homogenisation 
as previously described was performed if the milk was clotted upon treatments. A flash 
microplate reader (4.00.25, Thermo Fisher Scientific, Waltham, MA, USA) with SkanIt 
software (v2.4.3.37) was used to perform the fluorometric measurements. After a short 
incubation period at 25 °C, 200 μL of OPA/NAC reagent was automatically dispensed at 
medium speed into each well. The microplate was shaken at 360 spm for 5 min followed by 
5 min settle delay for the completion of reaction. The reading was performed at an 
excitation wavelength of 340 nm and an emission wavelength of 434 nm, with an excitation 
bandwidth of 12 nm for 100 ms. The fraction of free amino groups (C/C0) was the relative 
fluoresence unit (RFU) of treated milk divided by their initial RFU (Morales, Romero, & 
Jiménez-Pérez, 1995). 
6.2.7. Kinetic Data Analysis 
Kinetic models are used to describe colour change, proteolysis, and free amino acids 
reduction because they can describe quality changes with time. These models will help in 
understanding the chemical and physical phenomena which occur within the observed 
matrix. The resultant kinetic models can also be correlated with thermodynamic equations 
to obtain fundamental kinetic parameters (i.e., activation energy, enthalpy, and entropy) 
which will help in the understanding of reaction at molecular level (van Boekel, 2008). 
The kinetic data sets (e.g., colour change, OPA, and proteolysis) from each pressure-
temperature combination were fitted to mathematical models which gave minimum 
cumulative sum of standard error of fit (∑SE) using Table Curve 2D (v.4.07, Sysstat Software 
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Inc., Chicago, IL, USA). The models obtained are named ‘primary models’. Each primary 
model featured a coefficient that changed depending on the applied pressure-temperature 
combination. Therefore, the obtained coefficient values were fitted (Table Curve 3D, v.3.01, 
Sysstat Software, Inc., Chicago, IL, USA) to a secondary model as a function of pressure and 
temperature. The model which gave minimum SE was then selected as the secondary 
model. The mathematical models should not give significant heteroskedasticity, which was 
displayed by small deviation of the predicted versus observed coefficients from the bisector 
line in the parity plot. For examining the performance of the secondary model, the 
coefficient of determination (R
2
) (Equation 6-2) and the accuracy factor (Af) (Equation 6-3, 
taken from Baranyi, Pin, & Ross, 1999) were calculated. The first informs how well the data 
fit the model whilst the latter tells the deviation between the model predictions and the 
observed results. A perfect agreement of the model to the fitted data is represented by R
2
 
equals to 1. The smaller the Af value, the more accurate are the absolute errors in the model 
(Baranyi et al., 1999). 
F; = 1 − ∑ QLnKobs	 − LnVKpredYZ;[∑ QLnKobs	 − LnVK\obsYZ;[  
Equation 6-2 
where kpred is the predicted coeficient calculated based on the secondary model, kobs is 
the observed coefficient at a given pressure-temperature combination, and k\obs is the mean 
of the observed coefficients. 
]^ = exp`a	b	c − d	c 	e 
Equation 6-3 
where SE is the standard error of fit, M is the number of observations, and N is the 
number of fitted parameters. 
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6.3. Results and Discussion 
6.3.1. Colour Change 
Milk experienced colour change from white to brown during isothermal heating at 
ambient and elevated pressure as shown in Figure 6-1. 
 
Figure 6-1. Kinetics of colour change of skim milk from white to caramel brown during 
isothermal treatment at 110 °C and 0.1–600 MPa up to 60 min. Samples with treatment 
time zero were pressurised to a target pressure and a final temperature of 110 °C and 
followed by immediate cooling in iced water. 
Brown colour formation per se is due to both Maillard and caramelisation reactions 
(Morales & van Boekel, 1998). Coloured Maillard products could be grouped into low 
molecular weight compounds (< 500 Da) and polymeric melanoidins with molecular weights 
up to 100,000 Da. The former compounds were partially characterised (Rizzi, 1997) while 
chemical structures of the latter products are not described yet (van Boekel, 1998). The 
contribution of caramelisation to browning depends on the sugar, i.e., it was more 
noticeable in a casein−fructose system rather than casein−glucose system (each system 
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comprised of 3% w/w Na-caseinate and 150 mM monosaccharide in a phosphate buffer (0.1 
M; pH 6.8) to give a molar ratio of sugar to lysine residues of 10:1) during heating at 120 °C 
up to 40 min (Brands & van Boekel, 2001). Melanoidins contain nitrogen, most likely from 
lysine residues since the free lysine decreased dramatically during the final/browning stage 
of Maillard reaction in milk. Brown pigments, however, can be formed without nitrogen; for 
example, in the case of sugar degradation (van Boekel, 1998). Caramelisation contributed to 
more than 40% of the UV-absorbance (measured at 294 nm) and 10–36% of browning 
intensity (measured at 420 nm) of the equimolar (0.05 M) lysine-fructose systems within pH 
range of 4.0 and 12.0 during heating at 100 °C up to 120 min (Ajandouz, Tchiakpe, Ore, 
Benajiba, & Puigserver, 2001). 
Skim milk heated at 400 MPa contained precipitation due to protein coagulation 
resulting in less particles being present in the soluble phase (Figure 6-1). Protein coagulation 
was also obtained for samples treated at 400 MPa and 100 °C for more than 5 min (Figure 
6-2), which resulted in the highest colour difference among other samples treated at 100 °C 
(results not shown). 
 
Figure 6-2. Kinetics of colour change of skim milk from white to caramel brown during 
isothermal treatment at 100–120 °C and 400 MPa up to 60 min. Samples with treatment 
time zero were pressurised to 400 MPa and a target temperature and followed by 
immediate cooling in iced water. 
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Aggregation in milk following HPP was previously studied by Patel, Singh, Anema, 
and Creamer (2006). Aggregates formed in raw skim milk during HPP at 400 MPa for 30 min 
at 22 °C were analysed using gel electrophoresis which revealed their constituents: β-
lactoglobulin polymers, К-casein, and a minor amount of monomer αS2-casein, linked 
through reducible covalent bonds. More aggregates were present in raw skim milk following 
HPP at 600 MPa (for 30 min at 22 °C) which contained α-lactalbumin. Less amount of 
aggregates was obtained after HPP at 200 MPa (for 30 min at 22 °C) with β-lactoglobulin 
polymers as the major constituent. 
Heating induces aggregation of proteins in milk. Its severity affects the constituents 
of the formed protein complexes and their bonds. Pasteurisation (72 °C for 15 s) induces 
aggregations amongst bovine serum albumin (BSA), immunoglobulin (IgG), and lactoferrin 
(LF), but not between К-casein and β-lactoglobulin (Patel et al., 2006). Intense heating (i.e., 
120 °C for 120 s) offers the possibility for aggregation through various bonds, for example 
disulfide (complexes comprised of αS2-casein monomers or dimers), non-disulfide 
(complexes comprised of either αS1-casein or β-casein, or both), and non-covalent 
(complexes of IgG and casein) (Chevalier & Kelly, 2010; Oh & Richardson, 1991; Patel et al., 
2006). 
A study by Nabhan, Girardet, Campagna, Gaillard, and Le Roux (2004) revealed that 
two major aggregates are formed in raw skim milk under HPTP (500 MPa and 55 °C for 5 min 
or 600 MPa and 70 °C for 5 min). The size of the aggregates were 440–2000 kDa and >2000 
kDa. These aggregates were largely formed by К-casein, β-lactoglobulin, and α-lactablumin 
monomers through disulfide bonds and small amounts of αS1-casein through 
physicochemical interaction. A very limited amount of minor whey proteins (BSA, IgG, and 
LF) were also present in milk aggregates whereas αS2-casein was not detected in the 
aggregates. To our best knowledge, no published information is available with regards to 
milk aggregation during combined high pressure - high temperature (≥ 100 °C) processing. 
The modeling of colour change of skim milk in this study is based on the Lab values, 
regardless the changes in turbidity and the present aggregation/coagulation. Each kinetic 
curve was fitted to Equation 6-4. The numerator was estimated by evaluating numbers from 
31 to 45 and selecting the number (38) giving the lowest ∑SE. 
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Equation 6-4 
where G is the coefficient in the primary model for colour 
treatment time. 
A somewhat linear change in colour difference 
100 and 110 °C up to 60 min. As 
appeared linear only in the first
demonstrated that the increase of 
follows a zero-order reaction.
Figure 6-3. The colour change
treatment at 100−140 °C and 0.1 MPa (
by total colour difference (
6-5. 
Our investigation revea
to caramel brown was accelerated at 
colour change occurred at 400 MPa. At this pressure, the samples app
therefore, more light could pass these samples. 
change and 
Eab of skim milk was observed at 
higher temperature, the colour changed more rapidly
 10 min (Figure 6-3 A). A study by Pagliarini
Eab in milk during heating at 90–
 
 of reconstituted skim milk (10% w/w) during thermal 
A) and at 110 °C and 0.1−600 MPa (
Eab). Solid lines are obtained by fitting the data 
led that under pressure, the colour change in milk from white 
a constant temperature (Figure 6-3)
The colour measurement used a black 
160 
t (min) is the 
 and 
 et al. (1990) 
120 °C for 30 min 
 
B), as expressed 
into Equation 
. The most obvious 
eared translucent; 
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background and a more translucent solution/liquid (e.g., water) will have a lower lightness 
which results in a larger colour difference based on Equation 6-1. 
The estimated values of G for all kinetic curves are shown in Table 6-1. The pressure-
temperature dependence of G was then estimated by non-linear regression fitting of the 
data to a polynomial model (Equation 6-5) using p0=400 MPa and T0=110 °C. 
 Ln	 =  + ND − D8	 + ;& − &8	 + hD − D8	; 	+ iD − D8	h+ j& − &8	D − D8	; 
Equation 6-5 
where G0, G1, G2, G3, G4, and G5 are the coefficients in the secondary model of colour 
change and po and To are the reference pressure and temperature, respectively. 
Table 6-1. Estimated values of coefficient G (10
2
) in Equation 6-4 for combined high 
pressure (p in MPa) and heat (T in °C) induced colour change in reconstituted skim milk (10% 
w/w) 
p / T 100 110 120 130 140 
0.1 3.708 ± 0.473a 1.289 ± 0.042 0.408 ± 0.026 0.167 ± 0.014 0.068 ± 0.007 
200 1.739 ± 0.156 0.768 ± 0.032 0.229 ± 0.017 ncb nc 
400 0.097 ± 0.014 0.066 ± 0.007 0.072 ± 0.005 nc nc 
600 nc 0.397 ± 0.020 0.116 ± 0.009 0.079 ± 0.002 nc 
a standard error of regression 
 b not conducted 
 
Table 6-2. Estimated constants for predicting G in combined high pressure (p in MPa) and 
heat (T in °C) induced colour change in reconsituted skim milk (10% w/w), based on 
Equation 6-5 with reference pressure and temperature of 400 MPa and 110 °C, respectively 
Constants Estimated values 
G0 2.079 ± 0.181 
G1 (-6.166 ± 1.086) x 10
-3 
G2 (-5.305 ± 1.533) x 10
-2 
G3 (4.356 ± 0.573) x 10
-5 
G4 (1.036 ± 0.170) x 10
-7 
G5 (-3.094 ± 1.198) x 10
-7 
R
2 = 0.966 and Af = 1.268 
 
The parity plot (Figure 6-4) of natural logarithm of the experimental versus the 
predicted G values indicates no significant heteroskedasticity during the mathematical 
` 
 
modelling of milk colour change
has a R2 of 0.966 and an Af of 1.268.
The pressure-temperature graph 
Eab during HPTP for 30 min 
colour development, for example,
required to reach Eab of 25, whereas at 300 MPa
in the same Eab. Heating at 
10. The drawback of this graph is 
hampered under mild high pressures (
and, thus, this assumption is only hypothetical.
colour development of skim m
Figure 6-4. Correlation between the experimental 
obtained using Equation 6-4 and 
Browning of 1 molal lysine
to 5.1–10.1) during HPP (600 MPa at 40
Ledward, and Ames (1996) compared to the mixture incubated at atmospheric pressure, as 
long as the pH was above 7.0
used. At initial pH 8.1, the mixture u
 as the deviations from the bisector are small. The model 
 
of process combinations that result in 
is presented in Figure 6-5. High pressure 
 heating at ∼131 °C at ambient pressure for 30 min is 
, 30 min treatment at 
115 °C and ambient pressure results in a 
it indicates that the colour change
~50 MPa), where no observations were
 Overall, high pressures accelerate
ilk during heating. 
G values and the predicted 
Equation 6-5, and model parameter values in
-glucose mixture in phosphate buffer (0.2 M, pH adjusted 
−60 °C up to 22 h) was previously observed by Hill, 
−7.5. A hampered browning was observed when lower pH was 
nderwent browning twice as fast during HPP (50 
162 
a targeted 
can accelerate the 
∼115 °C will result 
Eab value of only 
 in skim milk is 
 performed 
 the brown 
 
G values 
 Table 6-2. 
°C) at 
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600 MPa than at 0.1 MPa. Interestingly, the browning was four times faster at 600 MPa than 
at 0.1 MPa for an unbuffered 1 molal lysine
pH drop implies that it is likely that phosphate buffer equilibrium (
shifts to the right-hand side during HPP resulting in a drop of approximately 0.4 pH 
units/100 MPa of applied pressure and, thus, slowed Maillard reaction.
 
Figure 6-5. Pressure-temperature di
(10% w/w) with lines showing 
Accordingly, Moreno, Molina, Olano, and L
pressure (400 MPa at 60 °C up to 3 h) hampers the final stag
equimolar (1 M) glucose-lysine mixture at pH 8 (unbuffered system) which subsequently 
results in a decrease of coloured products. However, the opposite effect was observed 
when the system was more alkaline (i.e., pH 10.2 in 0.2 M 
buffer). 
Tamaoka, Itoh, and Hayashi (1991) observed a hampered browning (measured at 
420 nm) of equimolar mixtures of β
(100 mM, pH 8.2) during HPP at 500 MPa (50 °C for 0.5
counterpart prepared at ambient pressure. The reason beyond the hampered browning was 
-glucose mixture. The difference in the extent of 
H2PO
 
agram for colour change of reconstituted skim milk 
Eab of 5–35 upon HPTP for 30 min. 
ópez-Fandiño (2003a) proposed that high 
e of Maillard reaction of 
sodium carbonate
-alanine and glycoaldehyde (50 mM) in NaHCO
–2 h) which was only 1/30 of the 
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not clearly addressed due to the complexity of the advanced Maillard reaction (i.e., radical 
formation, polymerisation, and melanoidin formation). The diffusion rate of unstable free 
radicals, however, reduced during HPP. 
The production of colourants during HPP was dependent on the reactants. Using a 
colour dilution analysis, Heberle, Schieberle, and Hofmann (2003) isolated 2-[(2-
furyl)methylidene]-4-hydroxy-5-methyl-2H-furan-3-one, the most intense colourant resulted 
from Maillard reaction of xylose (150 mmol) and L-alanine (38 mmol) in 4-mopholine 
propanesulfonic acid (MPOS) buffer (100 mL, 0.05 M, pH 5) upon heating at 100 °C for up to 
6 h. The concentration of this colourant increased with increasing time during heating at 
100 °C and reached ~300 mg/kg after 6 h; its concentration, however, dropped to ~25 
mg/kg if the incubation was done under pressure (400 MPa, 100 °C, 6 h). In contrast, the 
formation of this colourant was increased during HPP for a mixture of xylose (150 mmol) 
and proline (38 mmol) in the same MPOS buffer; it went up from ~17 mg/kg to ~122 mg/kg 
during incubation (100 °C for 6 h) at 0.1 MPa and 600 MPa, respectively.In this present 
study, increased browning during HPTP occured gradually and possibly simulteanously with 
decrease of pH due to heat promoted acid formation. The effect of HPP on pH of milk was 
studied by Schrader and Buchheim, 1998. The pH of pasteurised and UHT skim milk went up 
by ~0.06 and ~0.11, respectively, upon HPP (400 MPa, 10 min, room temperature). During 
storage at room temperature for 4 h, the former milk reached nearly its initial pH whereas 
the latter milk reached its final pH, about ~0.05 units higher than its initial value. This minor 
pH increase was proposed due to the heat-precipitated colloidal calcium phosphate which 
dissociates irreversibly on casein during the HPP of UHT milk (Schrader & Buchheim, 1998). 
Decreased pH of milk due to heating is remarkable. The pH can reach 5.5−6.0 at the point 
where protein coagulation occurs. Most (∼80%) of the acid is formic acid. Acid production in 
severly heated milk is primarily due lactose degradation (∼50%), and to lesser extent from 
casein dephosphorylation (∼30%) and precipitation of calcium phosphate (∼20%) (Fox & 
Morrissey, 1977). This pH decrease brings complex consequences because it affects both 
Maillard reaction and lactose isomerisation to different extents. Sugar isomerisation is more 
enhanced with increase in pH rather than the (early) Maillard reaction. Lactose degrades 
and its products reacts with lysine residues. Maillard reaction itself, from a quantitative 
point of view, is more dominant than lactose isomerisation/degradation when heating is 
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carried out at a lower temperature (i.e., < 100 °C); an opposite trend is found upon heating 
above 100 °C (van Boekel, 1998). 
In our study, the resultant colourants from skim milk subjected to HPTP possibly 
come primarily from lactose degradation similar to the browning reaction in milk heat 
treated at atmospheric pressure. To the best of our knowledge, there is no published data 
on the formation of brown pigment from lactose degradation in milk serum as affected by 
high pressure. However, Moreno, Villamiel, and Olano (2003b) reported a decrease in 
browning of lactose (10% w/w in carbonate−bicarbonate buffer, pH 10.0) subjected to HPTP 
(400 MPa, 60 °C, 3 h), but nearly no pressure effect in sodium hydroxide buffer (pH 10.2 and 
10.6). The decreased formation of brown colour of a lactose solution during HPTP was 
confirmed by the decrease of lactose conversion to lactulose from 18.8% (0.1 MPa at 60 °C 
for 3 h) to 7.8% (400 MPa at 60 °C for 3 h) of lactose and reduced galactose degradation 
from 12.6% to 1.8% of galactose under the same heat and pressure treatments, 
respectively. Due to the differences between prepared buffer systems and milk serum, a 
relationship between the nature of lactose degradation during HPTP in this present study 
and how it affects the Maillard reaction is difficult to conclude. 
6.3.2. Proteolysis 
In the present study, the proteolysis progress in milk during HPTP was observed 
using a chromatographic method. Instead of selecting one or several peaks from the 
chromatographs (Figure 6-6), the resultant peptide peaks were grouped according to their 
polarity. In a reverse phase chromatographic separation, peptides eluted earlier are more 
polar than those eluted later. Therefore, the peptides were classified into hydrophilic 
(retention time (RT) of 11.60–27.15 min) and hydrophobic peptides (RT of 27.15–43.50 
min). The area under the curve for each peptide group was then integrated. For modelling 
purposes, each area (A) was compared to the area at zero time of treatment (A0) and 
normalised by deducting each index by factor one (A/A0 – 1). The area of each peptide group 
increased with increasing time, which follows particular patterns depending on the applied 
pressure and temperature. 
One indicator of thermal proteolysis of milk is an increase of non-protein nitrogen 
(NPN) in acid-soluble fractions. Proteolysis starts at temperatures as low as 50 °C, 
progresses linearly during the first 30 min of heating, and accelerates with increasing 
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temperature (Gaucheron et al., 1999; Hindle & Wheelock, 1970)
is not solely due to peptide bond cleavage but also ammonia liberation 
asparginine and glutamine. The released ammonia counted for 10
heated (110–145 °C up to 90 min) caseinate solution (1
(Metwalli & van Boekel, 1998)
gel electrophoresis, which can qualitatively show protein degradation and peptide 
formation (Guo et al., 1989; Hustinx, et al., 1997)
methods do not offer a satisfying peptide identification, separation, and quantification 
(Morales & Jiménez-Pérez, 1998)
spectrometer were used (Gaucheron et al., 1999; Meltretter, Schmidt, Humeny, Becker, & 
Pischetsrieder, 2008) and select
acceptable (Morales & Jiménez
Figure 6-6. Liquid chromatographs of 2%
skim milk (10% w/w) upon HPTP
modelling purposes, the chromatographs were sliced to create two peptide regions, 
hydrophilic (RT: 11.60–27.15 min) and hydrophobic (RT: 27.15
. Increase of NPN, however, 
via
–15% of total NPN for 
–5% w/w in artificial milk serum) 
. Another approach to determine proteolysis is by conducting 
. Both NPN and gel electrophoretic 
. Instead, chromatography techniques coupled with mass 
ion of one or more peaks/peptides for modelling purposes 
-Pérez, 1998). 
-TCA soluble peptide separated from 
 for 60 min at 120 °C and four different pressures. For 
–43.50 min).
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Most studies on heat-induced proteolysis in milk or caseinate systems indicate that 
heat-induced proteolysis followed a zero order kinetic (Hindle & Wheelock, 1970; Hustinx et 
al., 1997; Morales & van Boekel, 1998). According to Metwalli and van Boekel (1998), a 
reaction follows a zero order reaction when less than 30% of reactans are converted into 
products. In order to have a better understanding on the order of reaction with respect to 
time, a conversion of 30−50% of reactants is required. Using a β-caseinate model system 
(1−5% w/w in simulated milk serum, pH 6.5), van Boekel (1999) followed hydrolysis during 
heating at 110−145 °C up to 125 min and observed a deviaWon from zero order reaction at 
higher degree protein hydrolysis.  
The kinetic of proteolysis in skim milk during isobaric/isothermal treatments showed 
increased protein break downs when the temperature (Figure 6-7 (A and C)) and/or 
pressure (Figure 6-7 (B and D)) was increased. Each kinetic curve was fitted to a power law 
model (Equation 6-6). Powers number x (Equation 6-6) of 0.44−1.29 and 0.59−1.84 resulted 
in the best (lowest ΣSE) for hydrophilic and hydrophobic peptide groups, respectively. 
/ ]]2 − 1 = =	,  
Equation 6-6 
where F and x are the coefficient and the power value in the primary model of 
proteolysis, respectively, and t (min) is the treatment time. 
Due to the difficulty in describing F as a function of pressure and temperature if x in 
Equation 6-6 is not a single value for the whole kinetic set, a fixed number for x should be 
determined. This determination was done by minimising the ∑SE over a wide range of 
reaction orders (0.44−1.29 and 0.59−1.84 for hydrophilic and hydrophobic pepWde groups, 
respectively, in 0.01 increments,). The lowest values of the ∑SE were found for power values 
of 0.96 and 0.78 for hydrophilic and hydrophobic peptide groups, respectively. The 
estimated parameters obtained from regression fitting of Equation 6-6 are presented in 
Table 6-3. The data set from was then used to describe the pressure and temperature 
dependence of F. A linear model (Equation 6-7) and a non-linear model (Equation 6-8) were 
selected to deliver a good description of F as a function of pressure and temperature for the 
formation of hydrophilic and hydrophobic peptides, respectively. The estimated parameters 
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for Equation 6-7 and Equation 
T0=110 °C are listed in Table 6
Figure 6-7. Peptide release in reconstituted skim milk (10% w/w)
ratio of area ((A/A0)–1) under liquid chromatographic lines, during heating at 100
and 0.1 MPa for hydrophilic (A) and hydrophobic (
°C and 0.1–600 MPa for hydrophilic (
obtained by fitting the data into 
hydrophilic and hydrophobic peptide groups, respectively.
 
 
 
6-8 using a reference pressure p0=400 MPa and temperature
-4. 
, as expressed by relative 
C) peptide groups, and during 
B) and hydrophobic (D) peptide groups. 
Equation 6-6 with power values of 0.96
 
168 
 
 
−140 °C 
HPTP at 120 
Solid lines are 
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Ln	=	 = = + =ND − D	 + =;& − &	 
Equation 6-7 
 
Ln	=	 = 1=h + =iD − D	 + =j& − &	 
Equation 6-8 
with F0, F1, F2 and F3, F4, F5 are the coefficients in the secondary model for the 
hydrophilic and hydrophobic peptide group formation, respectively. 
The parity plot (Figure 6-8) illustrating the natural logarithm of the experimental 
versus the predicted F values indicates no significant heteroskedasticity for both peptide 
group formations as the deviations from the bisector are small. In addition, both data sets 
are correlated with R2 values of 0.955 and 0.981 for hydrophilic and hydrophobic peptide 
groups, respectively. Their Af values are 1.297 (hydrophilic) and 1.146 (hydrophobic). 
Table 6-3. Estimated values of coefficient F in Equation 6-6 for combined high pressure (p in 
MPa) and thermal (T in °C) induced peptide formation in reconstituted skim milk (10% w/w) 
with x equals to 0.96 and 0.78 for hydrophilic and hydrophobic peptide groups, respectively 
Hydrophilic peptide group 
p / T 100 110 120 130 140 
0.1  0.245 ± 0.034a 0.534 ± 0.017  2.390 ± 0.092 5.899 ± 0.214 14.251 ± 0.287 
200 0.791 ± 0.022 1.971 ± 0.056  4.692 ± 0.077 ncb nc 
400 1.635 ± 0.053 2.774 ± 0.027  7.326 ± 0.191 nc nc 
600 nc 5.827 ± 0.085 10.617 ± 0.152 18.814 ± 0.502 nc 
 
Hydrophobic peptide group 
p / T 100 110 120 130 140 
0.1 0.502 ± 0.074 1.635 ± 0.116  6.050 ± 0.172 9.624 ± 0.254 14.236 ± 0.614 
200 1.669 ± 0.053 4.013 ± 0.120  8.045 ± 0.151 nc nc 
400 2.590 ± 0.062 4.728 ± 0.117 10.041 ± 0.218 nc nc 
600 nc 8.077 ± 0.216 12.656 ± 2.693 18.678 ± 0.788 nc 
a standard error of regression 
 b not conducted 
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Table 6-4. Estimated constants for predicting 
thermal (T in °C) induced peptide formation in 
Equation 6-7 and Equation 6-
110 °C, respectively 
Constants Hydrophilic peptide group
F0 -3.560 ± 0.099
F1 (2.906 ± 0.339
F2 (8.756 ± 0.668
F3 
F4 
F5 
 R
A
 
Figure 6-8. Correlation between the experimental 
values obtained using Equation 
6-4. 
Substituting F in Equation 
6-7 and Equation 6-8 for hydrophilic or hydrophobic peptide groups, respectively, allows the 
determination of pressure-temperature combinations that result in 
F in combined high pressure (
reconstituted skim milk (10% w/w)
8 with reference pressure and temperature of 400 MPa and 
 Hydrophobic peptide group
 - 
) x 10-3 - 
) x 10-2 - 
- (3.536 ± 0.068) x 10
- (2.279 ± 0.204) x 10
- (7.583 ± 0.450) x 10
2 = 0.955 
f = 1.297 
R
2 = 0.981 
Af = 1.146 
F values (Table 6-3) and the predicted 
6-7 and Equation 6-8, and model parameter values in
6-6 with the pressure-temperature relations of 
a targeted degree of 
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p in MPa) and 
, based on 
 
-1 
-4 
-3 
 
F 
 Table 
Equation 
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peptide formation in skim milk, which is described as t
chromatograms. Using the temperature as an independent variable and 
of proteolysis (A/A0−1) at a given treatment time, the equation can be solved to obtain 
pressure. Figure 6-9 shows 
which give a specific degree of peptide formation 
treatment for either peptide group. For example, at atmospheric pressure, heating at 
∼134.5 °C for 30 min is required to 
whereas HPTP at 300 MPa and 
formation. In contrast, atmospheric heating at 
peptide formation of approximately 0.9, implying that pressure 
proteins and thus peptide formation in skim milk.
Figure 6-9. Predictive pressure
skim milk (10% w/w) during HPTP
chromatographic area (A/A0–
hydrophobic peptide group (B
 
6.3.3. Reduction of Free Ami
Reconstituted skim milk (10% w/w) 
groups during HPTP with increasing temperature (
he increase of area under 
presents the calculated pressure-temperature combinations 
after 30 min isothermal/isobaric 
triple hydrophilic peptide formation ((
∼125 °C is predicted to give the same degree of peptide 
∼125 °C results in a degree of hydrophilic 
increases
 
-temperature diagrams of peptide formation in 
 for 30 min, with lines showing increase of 
1) by 0.1−20 for hydrophilic pepWde group (
). 
no Acids 
experienced faster reduction of free amino 
Figure 6-10 A). However, the decrease of 
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 hydrolysis of 
 
reconstituted 
relative ratio of 
A) and 0.1−3 for 
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free amino groups slowed wit
constant (Figure 6-10 B). In this study, an OPA 
the N-terminal α-amino groups of peptide
residues, in the presence of a thiol to form isoindoles. This procedure can be used to 
quantify the extent of protein hydrolysis 
1990b) or to quantify total free amino acids 
The proteolysis evaluation
increasing temperatures. However,
proteins might quickly conjugate with lactose and/or its isomerisa
since free amino acids were reduced
lactose conjugation was faster than the rate of proteolysis, resulting in an overall reduction of 
free amino acids during treatment at hi
was slower at higher pressures; this could refer to a slower conjugation rate between amino 
acids and sugars compared to the rate of proteolysis, leaving more free N
groups of peptides to react with OPA.
Figure 6-10. Kinetics of the free amino acids reduction in reconstituted skim milk (10% w/w) 
during (A) thermal treatment at 100
0.1−600 MPa. Solid lines are obtained by fitting the data into 
h increasing pressures when the temperature was kept 
chemical marker was used. 
s or proteins and the ε-amino group of the lysine 
(Hernández, Camañas, Cuenca, & Alvarez
(Hernández et al., 1990a). 
 revealed that the formation of peptides increased with 
 the exposed N-terminal α-amino groups of peptides or 
tion/degradation products
. Thus, it can be hyphothesised that the rate of apparent 
gh temperatures. In contrast, the rate of 
 
−140 °C and 0.1 MPa and (B) HPTP
Equation 6-9
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In order to model the kinetics of the reduction of free amino acids, each kinetic 
curve was fitted to Equation 6-9. The obtained values for H at the different pressure-
temperature conditions tested are compiled in Table 6-5. )) = exp 	−%		 
Equation 6-9 
where H is the coefficient in the primary model for free amino acids reduction and t 
(min) is the treatment time. 
A secondary model (Equation 6-10), which describes H as a function of pressure and 
temperature was developed with reference condition of p0=400 MPa and T0=110 °C. The 
estimated parameters obtained from regression fitting of Equation 6-10 are presented in 
Table 6-6. The parity plot (Figure 6-11) confirms no significant heteroskedasticity during the 
mathematical modelling as the deviations from the bisector are small. The data and the 
model have R
2
 of 0.986 and Af of 1.139. 
Table 6-5. Estimated rate constants H (10-3) in Equation 6-9 for combined high pressure (p in 
MPa) and heat (T in °C) induced free amino acids reduction in reconsituted skim milk (10% 
w/w) 
p / T 100 110 120 130 140 
0.1 1.013 ± 0.449a 2.292 ± 0.531 9.068 ± 1.074 13.798 ± 0.962 36.671 ± 5.462 
200 0.829 ± 2.831 1.945 ± 0.357 4.411 ± 0.184 ncb nc 
400 0.892 ± 0.372 1.554 ± 0.430 2.812 ± 0.529 nc nc 
600 nc 0.918 ± 0.342 2.008 ± 0.493 2.872 ± 0.625 nc 
a standard error of regression 
 b not conducted 
 
Ln	% = % + %ND − D	 + %;& − &	 + %hD − D	& − &	 
Equation 6-10 
where H0, H1, H2, and H3 are the coefficients in the secondary model of free amino 
acids reduction. 
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Table 6-6. Estimated model parameters 
reconstituted skim milk (10% w/w)
temperature of 400 MPa and 110 
Constants 
H0 
H1 (
H2 
H3 
R
2
 = 0.986 and A
 
Substituting Equation 
temperature diagram showing combinations which result
for a fixed period of time, for example 30 min (
constant temperature slowed
ambient pressure for 30 min results in a 
MPa results in a C/C0 of only 0.95.
Figure 6-11. Correlation between the experimental 
accelerated reduction of C
isothermal/isobaric treatments and the predicted 
Equation 6-10, and model parameter values of 
for predicting amino acids reduction in 
 using Equation 6-10 and a reference pressure and 
°C, respectively 
Estimated values 
-6.522 ± 0.058 
-1.438 ± 0.229) x 10-3 
(6.312 ± 0.511) x 10-2 
(6.720 ± 1.650) x 10-5 
f = 1.139 
6-10 into Equation 6-9 allows the construction of a pressure
s in a targeted 
Figure 6-12). Increasing the pressure at 
 the reduction of C/C0; for example, heating at 
C/C0 of 0.9, whereas the same temperature at 
 
H values (Table 5) which describes the 
/C0 in reconstituted skim milk (10% w/w) subjected to 
H values obtained using 
Table 6-6. 
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A study on the effect of high pressure on early stages of 
conducted by Isaacs and Coulson 
3-hydroxybenzaldehyde (1 M) in tetrahydrofuran at 20 
revealed a negative value of overall activation volume 
product rearrangement (APR)
tryptophan/D-glucose and trypthophan/3
explanation behind the negative 
possibly due to the nature of associative
an amine which involved a polar carbonyl addition followed by a fast elimination.
Figure 6-12. The predictive pressure
(C/C0) in reconstituted skim milk (10% w/w) 
for 30 min. 
A study by Buckow, Wendorff
BSA and 25 mg/mL glucose in 0.05 M bicine buffer, pH 9) reported a 
reaction during HPTP (70–132 
reduction of free amino acids
the Maillard reaction was 
(1996) on mixtures of trypthophan methyl ester (1 M) and 
°C and 0.1–60 MPa
(V*= -21 cm3/mol
. Similarly, a negative V* of APR was also obtained for 
-hydroxybenzaldehyde model system. No exact 
V* was provided; nonetheless, the negative 
-condensation reaction between an aldehyde and 
-temperature diagram for reduced
with lines showing C/C0 of 0.4
, and Hemar (2011) on glucosylation of BSA (2.5 mg/mL 
hampered
°C and 0.1–600 MPa up to 2 h) as displayed by slower 
. The reason beyond the decelerated glucosylation was not 
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explicitly addressed due to the experimental design which focused on the observation of the 
Maillard reaction as a whole and disregarded the reaction stages. The V* for Maillard 
reaction between BSA and glucose was possibly positive, and thus, hampered under high 
pressure. 
Since HPP affects the Maillard reaction, HPP can also influence the formation of 
glycated amino acids. Using a model system, consisting of Nα-Acetylarginine (0.1 M) and D-
glucose (0.3 M) in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (0.5 M, pH 7.0) 
incubated at 110 °C for 2 h, Alt and Schieberle (2005) observed increased concentrations of 
glycated arginine (i.e, N
5
-(5-hydro-5-methyl-4-imidazolon-2-yl)-L-ornithine and N
7
-(1-
carboxyethyl)-L-arginine) by approximately 4 and 5 fold, respectively, as pressures increased 
to 600 MPa with no pH changes. This increase was possibly due to the favoured α-dicarbonyl 
formation under high pressures. The measurements of α-dicarbonyl compounds (i.e., glyoxal 
and 2-oxopropanal) released from the model system showed increased concentrations by 
3.8 and 9.6, respectively, as the pressure went up to 600 MPa. As highly reactive diketones 
and unstable intermediate Maillard products, α-dicarbonyl compounds are soon 
hydrolytically cleaved and involve in the sequential Maillard reaction (Smuda & Glomb, 
2013). 
6.4. Conclusions 
HPTP increased colour change and proteolysis in reconstituted skim milk (10% w/w) 
compared to thermal treatments at amospheric pressure. The kinetics of both reactions 
increased with increasing temperature and pressure. The apparent reduction of free amino 
acids was faster at higher temperatures; however, the reduction was slowed under high 
pressure. No reaction mechanism can be elucidated from this study because the 
observation was for the Maillard reaction as a whole ignoring he complexicity of 
intermediate stages. Further studies, involving mass spectroscopy, on each stage of the 
Maillard reaction using both skim milk and milk model systems will help understanding the 
mechanisms of Maillard reaction and to characterise the conjugates in skim milk subjected 
to HPTP. Nevertheless, the knowledge generated from this study might be beneficial to the 
development of high pressure assisted thermal sterilisation procedures for skim milk. 
Investigation on the progress of the Maillard reaction during and after HPTP of valuable 
dairy products, bioactive peptides, or pharmaceuticals is an area of interest. Unwanted 
` 
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reactions resulting in loss of nutrients, toxic compounds, off-flavours, and discolourisation 
of these valuable products have to be avoided through strict process control. 
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7. Profiles and Dynamics of Volatile Compounds Liberated from Skim 
Milk during High Pressure Thermal Processing  
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Abbreviations 
CAR  carboxen 
FEP  fluorinated ethylene propylene 
GC  gas chromatography 
GCMS  gas chromatograph-mass spectrometer  
HMF  5-(hydroxymethyl)-2-furfural 
HPLC  high performance liquid chromatography 
HPP  high pressure processing 
HPTP  high pressure thermal processing 
MPOS  4-morpholine propanesulfonic acid 
NIST  National Institute of Standards Technology 
PCA  principal component analysis 
PDMS  polydimethylsiloxane 
SPME  phase microextraction 
SMP  skim milk powder 
SMUF  simulated milk ultrafiltrate  
TCA  trichloro acetic acid 
UHT  ultra high temperature 
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Abstract 
Volatile generation in reconstituted skim milk (10% w/w) after subjected to 
isothermal/isobaric treatments (100–140 °C) and 0.1–600 MPa up to 60 min was 
investigated. Gas chromatographic analysis revealed 45 volatile compounds which include 
aldehydes, ketones, ester, alcohols, acids, pentagonal and hexagonal heterocyclics, and 
aromatics. Five trends describing the changes of volatile compounds’ concentrations with 
temperature and/or pressure were identified. One compound of each trend was selected 
for principal component analysis (PCA); they were furfural, 2-furanmethanol, 2-pentanone, 
pyrazine, and nonanal. Ethyl acetate, the only ester detected in the examined samples, was 
also included in the PCA. Milk samples, heated at ambient pressure, were located away 
from high pressure thermal treated samples in the PCA plot. The former samples possessed 
high amount of furfural and pyrazine. The latter samples were characterised by high amount 
of nonanal, 2-furanmethanol, and 2-pentanone. 
 
Keywords: skim milk, high pressure processing, thermal, volatile, PCA 
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7.1. Introduction 
The flavour of fresh raw milk is often described as ‘bland’ (Nursten, 1997). A study 
on the volatile compounds of freshly expressed milk showed that ethyl butanoate and 
hexanoate are the odorous compounds (Moio, Langlois, Etievant, and Addeo, 1993). The 
odour of fresh raw milk is named as primary aroma. The volatile compounds in milk 
products, named as secondary aroma, are generated through reactions during 
production/processing. The reactions can be classified into three categories: (1) lipid 
oxidation, (2) process induced changes which include thermal- and non-thermal-induced 
changes, and (3) fermentation by lactic bacteria and other cultures (Cadwaller & Singh, 
2009). 
Milk is subjected to thermal processing prior to human consumption. The typical 
thermal treatments applied for milk are pasteurisation and ultra high temperature (UHT) 
processing. Pasteurisation (62 °C for 30 min or 72 °C for 15 s) gave a little effect on milk 
flavour (Patton, 1958). The generation of ‘cooked’ flavour starts at 85–90 °C for 15 s (Lewis 
& Griffiths, 2010). The volatile profile of UHT (142 °C for 4.6 s) milk is different from that of 
pasteurised (75 °C for 13 s) milk. UHT milk possesses high quantities of methyl ketones 
(C5,6,9) and δ-decalactone (Adda, 1986). The concentration of each ketone in UHT milk is 
above 25 µg/kg. In contrast, each ketone is less than 1 µg/kg in pasteurised milk. 
There are 207 volatile compounds identified from different types of thermally 
processed milk (i.e., pasteurised, sterilised, and concentrated) (Nursten, 1997). Only few 
volatile compounds present in food are odour-active. For UHT milk, the common odour-
active compounds are hexanal, 2-nonanone, benzothiazole, and decalactone (Friedrich & 
Acree, 1998). However, Shibamoto (1980) identified diketone compounds (2,3-butanedione 
and 2,3-pentanedione) as the major contributors to heated and burnt note in heated milk. 
The formation of 2,3-butanedione, also known as diacetyl, is produced from the Maillard 
reaction in milk during heating (Hodge, 1967). In addition, cyclic ketones (e.g., 
cyclopentanone and 2-methyl-tetrahrofuran-3-one) also play role in the heated and burnt 
notes in heated milk (Shibamoto, 1980). Heating of milk, however, often produces flavour 
compounds preferred by consumers, for example lactones. Lactones are present in heated 
milk and not in raw milk (Dimmick, Walker, and Patton, 1969). Lactones are perceived as 
milky, butter, or coconut-like flavours. 
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Alternative methods to deliver milk with quality shelf life without negative cooked 
notes were explored (Hite, 1899). High pressure processing (HPP) is a non-thermal food 
preservation method. HPP is frequently highlighted due to its ability to retain nutrients and 
fresh-like sensorial properties of food.products (Heinz & Buckow, 2010). HPP of milk at 
room temperature gives a pasteurisation effect rather than sterilisation (Mussa & 
Ramaswamy, 1997). The later effect can be obtained by combining HPP and thermal 
processing for bacterial spores inactivation (Heinz & Buckow 2010). 
A study by Vazquez-Landaverde, Torres, and Qian (2006) confirmed that HPP (482–
620 MPa with initial temperature of 25 °C and 482–586 MPa with initial temperature of 60 
°C, both up to 5 min) of skim milk resulted in similar volatile profiles to those of commercial 
pasteurised milk. The same study also displayed that high pressure thermal processing 
(HPTP, 620 MPa with initial temperature of 60 °C for 1–5 min) increased the formation of 
aldehydes, and thus, resulted in milk with distinct volatile profile, different from those of 
pasteurised and UHT milk. Studies on the generation of volatile compounds under high 
pressure often focused on model systems, for example lysine−xylose (Bristow & Isaacs, 
1999), lysine−glucose (Hill, Isaacs, Ledward, & Ames, 1999), proline−glucose (Deters, 
Hofmann, & Schieberle, 2003), and bovine serum albumin−glucose (Wendorff, 2010). 
Milk is usually expected to have a mild odour, naturally released by itself. Some dairy 
products (i.e., dulce de leche, toffee, and ghee), however, are expected to release distinct 
flavours (e.g., lactones), which are typically formed through Maillard reactions. One of the 
essential variables for Maillard reaction is temperature, particularly above 100 °C. Higher 
temperature generates more volatile compounds (Newton, Fairbanks, Golding, Andrewes, & 
Gerrard, 2012). To date, no information is available on the formation of volatile compounds 
in real dairy systems during HPTP at and above 100 °C. A study by Bristow and Isaacs (1999) 
on lysine-xylose model system displayed a greatly reduced quantity of volatile compounds 
during HPTP (100 °C and 100−600 MPa up to 300 min) compared to the control incubated at 
ambient pressure. Deters et al. (2003) with D-glucose and L-proline solutions demonstrated 
that the predominant volatile compounds from solution subjected to HPTP (650 MPa, 100 
°C, 90 min) were different from those incubated at atmospheric pressure. In order to control 
the generation of flavour compounds during HPTP, studies on the progression of Maillard 
reaction as influenced by high pressure are recommended (Buckow, Wendorff, & Hemar, 
2011). 
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The objectives of this study were to investigate the profiles and the dynamics of 
volatile compounds liberated from skim milk during HPTP. The processing was performed in 
the range of 100–140 °C and 0.1–600 MPa isothermal/isobaric conditions. 
7.2. Material and Methods 
7.2.1. Material 
Skim milk powder (SMP), produced with low heat to ensure solubility and avoid 
cooked flavour, was purchased from Tatura Milk Industries Ltd., Tatura, VIC, Australia. The 
composition according to the manufacturer was as follows: 33.6% protein, 0.7% fat, 2.8% 
ash, 3.6% moisture, and 59.3% lactose. A solution of 10% w/w in deionised water gave a pH 
value of 6.7. 
7.2.2. Sample Preparations 
Reconsituted skim milk at 10% w/w was used throughout the study. SMP was 
dispersed in deionised water under stirring for 2 h at room temperature and allowed to fully 
hydrate overnight (20−24 h) at 5 °C. Milk solutions were transferred into 2.0 mL crimp vials 
(#5181-3375, Agilent Technologies Inc., Santa Clara, CA, USA) and sealed with an 11 mm 
silver aluminium crimp FEP/rubber cap (#5181-1210, Agilent Technologies) prior to thermal 
processing. For high pressure treatment, milk solutions were filled into 1.0 mL cryogenic 
vials (#5000-1012, Nalgene, Rochester, NY, USA). 
7.2.3. Isothermal/Isobaric Treatments 
Milk solutions were treated under isothermal/isobaric conditions at temperatures 
ranging from 100 to 140 °C and pressures of 0.1 to 600 MPa, up to 60 min (Table 7-1). Heat 
treatments at atmospheric pressure were performed at 100–140 °C in a temperature-
controlled water bath (#WB20, Ratek, Boronia, VIC, Australia), filled with glycerol (#38199, 
MERCK, Darmstadt, Germany). Samples were immediately cooled in iced water to stop 
further reactions. All experiments were performed at least in duplicates. 
High pressure treatments were conducted using a multivessel high pressure 
apparatus (#U111, Unipress, Warsaw, Poland), with silicon oil (#M40.165.10, Huber, 
Berching, Germany) as the pressure-heat transmitting medium. Pressures at 200 to 600 MPa 
were applied with target temperatures of 100 to 130 °C (Table 7-1). 
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Table 7-1. Pressure, temperature, and time variables applied on skim milk during 
isothermal/isobaric treatments 
Treatment Pressure (MPa) Temperature (°C) Time (min) 
1 0.1 100 10 
2 0.1 100 30 
3 0.1 100 60 
4 0.1 110 10 
5 0.1 110 30 
6 0.1 110 60 
7 0.1 120 10 
8 0.1 120 30 
9 0.1 120 60 
10 0.1 130 10 
11 0.1 130 30 
12 0.1 130 60 
13 0.1 140 10 
14 0.1 140 30 
15 0.1 140 60 
16 200 100 10 
17 200 100 30 
18 200 100 60 
19 200 110 10 
20 200 110 30 
21 200 110 60 
22 200 120 10 
23 200 120 30 
24 200 120 60 
25 400 100 10 
26 400 100 30 
27 400 100 60 
28 400 110 10 
29 400 110 30 
30 400 110 60 
31 400 120 10 
32 400 120 30 
33 400 120 60 
34 600 110 10 
35 600 110 30 
36 600 110 60 
37 600 120 10 
38 600 120 30 
39 600 120 60 
40 600 130 10 
41 600 130 30 
42 600 130 60 
NOa    
a  Reconstituted skim milk 10% w/w, not subjected to any isothermal/isobaric treatments 
 
 
 
190 
 
Temperatures of milk samples were monitored using a thermocouple, inserted into 
each sample vial. Milk samples were conditioned at ~5 °C before transfer to the high 
pressure vessels. Their temperatures increased due to the hot environment within the 
vessels. This pre-heating stage took 30–75 s. Due to compression heating, pressurisation 
was started at a pre-target temperature, approximately 10–40 °C lower than the target 
temperature. Once a pre-target temperature was reached, compression commenced which 
would result in a target temperature and a target pressure. A compression rate of 21 MPa/s 
was selected to increase the pressure from ambient to 600 MPa in less than 40 s. Treatment 
time was recorded as soon as isobaric and isothermal conditions were achieved. A data 
acquisition system (2700 Integra multimeter, Keithley Instruments, Cleveland, OH, USA), 
connected to the multivessel high pressure apparatus U111 software for data acquisition 
(Version 2.1c, Unipress, Warsaw, Poland), was used to monitor the pressure and 
temperature history of each sample. Upon decompression, samples were immediately 
removed from the vessel and placed in an iced bath to stop further reactions. All 
experiments were performed at least in duplicate. 
7.2.4. Head Space Compounds Analysis by Gas Chromatography Mass Spectrometry 
Headspace solid phase microextraction (SPME) analysis was used to analyse the 
volatile compounds in the milk samples. For headspace volatile analysis, an Agilent 
Technologies gas chromatograph-mass spectrometer (GCMS) system (GC model 6890 N, MS 
model 5975 series B; Agilent Technologies Inc., Palo Alto, CA, USA) equipped with a Combi 
PAL robotic auto sampler (CTC Analytics AG, Zwingen, Switzerland) and a hot splitless 
injector (temperature 260 °C; Gerstel, Mülheim, Germany) was used. The SPME fiber, 
coated with carboxen/polydimethylsiloxane (CAR/PDMS; Supelco, Bellefonte, PA, USA), was 
preconditioned prior to analysis at 270 °C for 1.5 h. Milk samples (0.55 g) and sodium 
chloride (0.15 g, #S71382, Sigma-Aldrich) were placed in 20-mL glass vials equipped with a 
PTFE-silicon lined magnetic open-top screw cap (thickness 1.3 mm; Grace Davidson 
Discovery Sciences, Rowville VIC3178. Australia), along with 1 µL of internal standard (IS) 
solution (2-methyl-3-heptanone 0.0719 mg/mL and 2-ethyl butanoic acid 0.1596 mg/mL in 
methanol). Short time (3 × 5 s) homogenisation (IKA Labortechnik T8 Ultra Turrax Disperser, 
Staufen, Germany) at pulse no.2 was applied on coagulated samples before ~0.55 g was 
transferred to glass vials. The auto sampler was operated under the following conditions: 
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pre-incubation time of 5 min, pre-incubation and absorption temperature of 45 °C, 
absorption time of 30 min; desorption time of 8 min (purged after 1 min), and desorption 
temperature of 260 °C. The milk volatile compounds were chromatographed on a VF-
WAXms column (30 m length, 0.32 mm i.d., 1.0 mm film thickness, Agilent Technologies 
Australia, Mulgrave VIC 3170. Australia) a temperature gradient: 35 °C for 5 min, raised to 
225 °C at a rate of 10 °C/min and finally held at 225 °C for 10 min. Helium was used as 
carrier gas at constant flow mode of 1.6 mL/min. The MSD conditions were as follows: 
capillary direct interface temperature of 280 °C, ionization energy of 70 eV, mass range of 
35–300 amu; EM voltage of autotune + 200 V, with a scan rate of 5.27 sans/s. 
Volatile compounds were identified by comparison of mass spectra with the spectra 
in the NIST05 database (National Institute of Standards Technology mass spectral search 
program; NIST, USA), and linear retention indices were determined using a set of saturated 
alkanes C7 to C22 and spectra of authentic standards. Quantitative analysis was performed 
using an internal standard methodology. 
7.2.5. Principal Component Analysis (PCA) 
PCA was carried out using Microsoft Excel XLSTAT version 2007.5 software 
(Addinsoft USA, New York, NY, USA). Data were loaded to PCA to give a PCA plot. Compound 
which is highly correlated to another compound was eliminated until the compounds are 
well resolved and the milk samples were clustered according to their similarities in volatile 
profiles. 
7.3. Results and Discussions 
There were 45 compounds identified from the treated milk samples which include 
aldehydes, ketones, alcohols, ester, acids, aromatics, and heterocyclics. The concentration 
of each compound changed under isothermal/isobaric treatments either mildly or 
dramatically. Five interesting trends on the dynamics of the volatile compounds during HPTP 
are presented (Table 7-2). Most of the identified compounds follow these trends (Table 7-3). 
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Table 7-2. The dynamics of the concentration of volatile compounds in reconstituted skim 
milk (10% w/w) during HPTP 
A B C D E 
 
 
 
 
 
 
 
   
Notes 
A   Increased concentration due to increase of temperature 
B   Increased concentration due to heating at ambient pressure; further increase was obtained 
during HPTP 
C   Increased concentration due to heating at ambient pressure; pressures hampered the release 
of volatile compound 
D   Increased concentration due to heating at ambient pressure; HPTP, however, supressed the 
production of volatile compound 
E   No necessary changes occurred during heating at ambient pressure; however, huge increase 
was observed during HPTP 
 
7.3.1. Furfural 
Furfural and its derivate compounds such as 5-(hydroxymethyl)-2-furfural (HMF) are 
examples of advanced Maillard reaction products (van Boekel, 1998). Furfurals are 
responsible for the off-flavour in heated milk although they are formed in very low 
concentrations, i.e., approximately 8 µmol/L free furfural is found in heated (140 °C for 13 
min) skim milk (Newton et al., 2012). The amount of total furfural was higher than that of 
free furfural. The chromatography analysis of free furfural involved pre-heating (100 °C for 
15 min) of heated (140 °C for 13 min) milk sample (5 mL) with acetic acid (1 mL, 15 N) to 
induce the formation of furfural from the Amadori products. The amount of total furfural of 
heated (140 °C for 13 min) skim milk was 21.5 µmol/L (Berg, 1993). The chromatographic 
analysis of furfural in this study did not include acetic acid addition and pre-heating. Thus, 
the measured furfural based on the applied GCMS protocol in this study was the free 
furfural instead of the total furfural. The concentration of free furfural released during heat 
treatment at 140 °C for 10–30 min ranged from 0.2 to 1.3 mg/kg. Taking the molecular 
weight of furfural as 96.08 g/gmol and assuming the density of skim milk of 1.033 kg/L (at 20 
°C), the formation of free furfural from skim milk during heating (140 °C for 10–30 min) in 
T P T P T P T P T P 
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this study equals to 2.15–13.98 µmol/L. This result is in accordance to the previous study 
done by Berg (1993). 
Table 7-3. Volatile compounds of reconstituted skim milk (10% w/w) subjected to HPTP 
(0.1−600 MPa, 100−130 °C, up to 60 min) as detected through head space gas 
chromatography (SPME) and their trends as explained in Table 7-2 
Although furfural is associated as an indicator of advanced Maillard reaction, this 
compound is liberated not only from the reaction between lactose and lysine. Furfural is 
also resulted from subsequent break down of galactose, a degradation product of lactose. 
Aldehydes   Alcohols  
propanal ?*  1-butanol ? 
hexanal E  3-methyl 1-butanol B 
nonanal E  2-butoxy ethanol E 
Ester   Pentagonal heterocyclics  
ethyl acetate ?  2-methyl furan B 
Ketones   2-(methoxymethyl)-furan B 
acetone E  Thiazole B 
2-pentanone C  5-methyl-2(3H) furanone B 
2,3-butanedione C  Furfural A 
2,3-pentanedione D  1-(2-furanyl)-ethanone B 
3-penten-2-one B  Pyrrole B 
2-heptanone ?  2-furan methanol B 
3-hydroxy-2-butanone B  5-methyl-2-furanmethanol B 
cyclohexanone B  2-thiophenemethanol B 
1-hydroxy-2-propanone A  Hexagonal heterocyclics  
4-hydro-4-methyl-2-pentanone B  pyridine E/B 
2-cyclopenten-1-one A  pyrazine D 
2-methyl-2-cyclopenten-1-one D  methyl pyrazine D 
1-(acetyloxy)-2-propanone C  ethyl pyrazine D 
Acids   2,6-dimethyl pyrazine D 
acetic acid E/B**  2-(n-propyl)-pyrazine B 
butanoid acid E/B  Aromatics  
pentanoic acid ?  benzaldehyde B 
hexanoic acid C  benzoid acid methyl ester E/B 
heptanoic acid D  acetophenone E/B 
   phenol E/B 
 
* Components with question mark (?) did not show a clear trend 
** E/B refers to a trend between E and B (Table 7-2). The concentration of the compound did not 
change much with temperature ≤ 120 °C. Increased concentration was observed due to heating ≥ 
130 °C. Further increase in concentration was obtained during HPTP. 
  
According to Berg (1993), the 
formation of furfural from casein
mM in simulated milk ultrafiltrate (SMUF)
µmol/L for. In constrast, lactose system (134 mM in SMUF) generated
during the same thermal processing.
In this study, the formation
times (Figure 7-1 A). The formation
pressure dependent (Figure 7
reported that the production of HMF from three examined 
mixtures (sugar–glucose/fructose; amino acids
(80–90 °C for 20 h) was hampered
of HMF production at ambient 
sugar, and pH. The highest extent was 
Heating (90 °C for 20 h) at 100 MPa caused the decrease of HMF production from glucose
lysine and fructose-lysine mixtures by 34
counterparts heated at ambient pressure
Figure 7-1. Changes of furfural
affected by heating at 100–140 
MPa (B). The thick horizontal line refers to the 
sample. 
Increased formation of furfural was reported by Heberle, 
(2003) on mixture of xylose (150 mmol) and either L
morpholine propanesulfonic acid (MPOS) buffer (100 mL, 0.05 M, pH 5) 
formation of furfural increased in the presence of protein. 
-lactose model system (casein 2.6% w/w and lactose 134 
) during heating at 140 °C for 20 min 
 
 of furfural increased with heating temperatures and 
 of furfural is more temperature
-1 B). Komthong, Katoh, Igura, Shimoda, and Hayakawa 
aqueous 
–leucine/lysine/glutamate
 at 100 MPa, compared to ambient pressure. The extent 
pressure and at 100 MPa is dependent on the amino acid, 
given by glucose-lysine and fructose
–38% and 26–38%, respectively
. 
 concentration in reconstituted skim milk (10% w/w) 
°C and ambient pressure (A), and at 120 
furfural concentration in untreated milk 
Schieberle, and Hofmann
-proline or L alanine (38 mmol) in 4
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MPa, 100 °C, up to 6 h). The production of furfural for xylose/L-proline mixture increased by 
8 times during HPTP compared to the counterpart heated at atmospheric pressure. 
Meanwhile, the production of furfural for xylose/L-alanine mixture reached ∼650 mg/kg 
during HPTP; heating this mixture at ambient pressure did not promote the furfural 
production. 
Furfural formation in this experimental work was not affected by pressure (Figure 
7-1 B). Previously, Vazquez-Landaverde, Torres, and Qian (2006) studied the changes of 
furfural formation in skim milk during HPTP (482–620 MPa, initial temperatures of 26–60 °C, 
up to 5 min). Their result, however, indicated that furfural formation at a specific 
temperature was dependent on the applied pressure. This was possibly due to low 
concentration of furfural, considering that the experiments were performed at low 
temperature (<60 °C). According to Vazquez-Landaverde, Qian, and Torres (2007), furfural 
concentration increased with increasing time and temperature (>60 °C) during heat 
processing at ambient pressure. 
7.3.2. 2-Furanmethanol 
Heating induced the formation of 2-furanmethanol (also known as 2-furylmethanol 
or furfurylmethanol) from skim milk (Figure 7-2 A). The formation of this compound 
increased with increasing pressure (Figure 7-2 B). This result is in contrary with a previous 
study by Hill, Isaacs, Ledward, and Ames (1999). No formation of 5-methyl-2-furanmethanol 
(a substituted form of 2-furanmethanol) was detected during HPTP (600 MPa and 60 °C for 
5 h) of a glucose-lysine model system (1 molal at pH 10.1). In contrast, incubation at 
ambient pressure (60 °C for 8 h) of the same model system produced 14.3 µg 5-methyl-2-
furanmethanol /100 mL of mixture. Continuing the incubation for an additional 3 h at 
ambient pressure (thus, the total heating was 11 h) increased the concentration of 5-
methyl-2-furanmethanol by 310%. The concentration, however, decreased to 75% when the 
additional 3 h incubation was carried out at 600 MPa. 
 
 
 
  
Figure 7-2. Changes of 2-furanmethanol
as affected by heating at 100
MPa (B). The thick horizontal line refers to the concentration of 2
untreated milk sample. 
7.3.3. 2-Pentanone 
The concentration of 2
(Figure 7-3 A). Its formation was 
2-pentanone concentration was 
during heating at ambient and elevated pressures. 
0.75 μg/kg in raw and 1.99 μg/kg 
pentanone reached 1.01, 0.83, and 0.92 
respectively, at 60 °C for 5 min.
however, concluded that 2-pentanone 
MPa) and/or time (1−10 min)
of volatile formation at ambient pressure.
 concentration in reconstituted skim milk (
–140 °C and ambient pressure (A), and at 120 
-pentanone increased with increasing temperature and time 
reduced by high pressure (Figure 7-3 B). A slight decrease in 
studied by Vazquez-Landaverde et al. (2006)
The concentration of 2
in heated (60 °C for 5 min) skim milk. The 
µg/kg during HPTP at 481, 586, and 620 MPa, 
 Their latest publication (Vazquez-Landaverde et al., 2007)
production was independent of pressure
. Nonetheless, their kinetics study did not incorporate the data 
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10% w/w) 
°C and 0.1–600 
-furanmethanol in 
 for skim milk 
-pentanone was 
formation of 2-
, 
 (482−655 
  
Figure 7-3. Changes of 2-pentanone
affected by heating at 100–140 
MPa (B). The thick horizontal line refers to the concentration of 2
milk. 
2-Pentanone is often associated with stale odou
compound presents in a very low 
present in in-bottle-sterilised (120 
Leardi, and Toppino (1997) confirmed 
pentanal, and 3-methylbutanal 
differed sterilised milk from pasteurised milk. 
ketoalkanoic acids esterified in the 
7.3.4. Pyrazine 
Pyrazine and its subtituted forms are nitrogen
compounds. Pyrazines are responsible for nutty, meat
(Mahajan et al., 2004). Pyrazine 
samples. Most of pyrazines showed
and/or time (Figure 7-4 A); increased pressure
(Figure 7-4 B). Pyrazine concentration
slightly above that of the control sample
 concentration in reconstituted skim milk (10% w/w) 
°C and ambient pressure (A), and at 120 
-pentanone in untreated 
r in milk (Nursten, 1997)
concentration in raw milk. This compound 
°C for 30 min) whole milk. A study by 
that 2-pentanone along with 2-heptanone
were the principal compounds of sterilised milk
The 2-pentanone production was due to
milk fat glycerides (Calvo & de la Hoz, 1992)
-containing hexagonal heterocylic 
-like, baked/roasted potato aromas 
and its four subtituted forms were detected in our observed 
 increased concentrations with increasing temperature 
, however, supressed pyrazines
 after HPTP (600 MPa and 120 °C for 60 min)
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°C and 0.1–600 
. This 
is typically 
Contarini, Povolo, 
, toluene, 
; and thus 
 β-
. 
 formation 
 was only 
  
Figure 7-4. Changes of pyrazine
affected by heating at 100–140 
MPa (B). The thick horizontal line refers to the concentration of pyrazine in untreated milk.
A study by Hill et al. (1999) on 
solutions at pH 10.1) concluded
pressure hampered their release. 
μg/kg in heated (60 °C and 8 h
for 3 h). Methylparazine concentration
heating was conducted at 600 MPa.
7.3.5. Nonanal 
The concentration of nonanal did not 
pressure. Heating at 140 °C (
concentration was minor compared to the concentration found after HPTP
Hexanal also exhibited similar trend 
floral and grassy aromas, respe
 concentration in reconstituted skim milk (10% w/w) 
°C and ambient pressure (A), and at 120 
model system (aqueous 1 molal glucose
 that heating induced the formation of pyrazines while 
For example, methylpyrazine concentration 
) system and increased by 31% during further heating 
, however, decreased by 26% when the 
 
increase much during heating at ambient 
≥ 30 min) induced the formation of nonanal
during HPTP. Nonanal and hexanal are responsible for 
ctively (Mahajan et al., 2004). 
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as 
°C and 0.1–600 
 
-lysine 
was 256.6 
(60 °C 
second 
. However, the 
 (Figure 7-5). 
  
Figure 7-5. Changes of nonanal
affected by heating at 100–140 
MPa (B). The thick horizontal line refers to the concentration of nonanal in untreated milk.
Nonanal is the resultant of 
amount in heated whole milk than heated skim milk
nonanal at 0.9444 mg/mL, lower than that of 
(Francis et al., 2005). 
According to Vasquez
increase in concentration compared to the other straight chain aldehydes during 
Nonanal concentration in skim milk was increased by 
MPa (60 °C for 5 min) compared to 
study, nonanal production in skim milk was hampered by
to 5 min) approximately by 
pressure. 
The contradictive findin
and in the study of Vasquez
processing variables, i.e., time. As both
content could be ignored. 
treatment resulted in distinct 
7.3.6. PCA plot 
The first PCA plot illustrated
reconstituted skim milk (Figure 
untreated and ‘mildly’ heated samples
 concentration in reconstituted skim milk (10% w/w) 
°C and ambient pressure (A), and at 120 
milk fat oxidation, and thus, it is available
. Pasteurised skim milk contained 
pasteurised whole milk 
-Landaverde et al. (2006), hexanal demonstrated 
1.5–3.8 fold during 
the counterpart heated at ambient pressure
 HPTP (482−620 MPa and 60 °C up 
50% in comparison to the counterpart heated at ambient 
g on nonanal concentration as affected by 
-Landaverde et al. (2006) could be due to differences in 
 studies used skim milk, the minor 
Our study used prolonged treatment time and thus, 
changes. 
 a separation between ‘mildly’ and ‘moderately
7-6). Ethyl acetate was the compound that 
; the concentration of ethyl acetate in both samples 
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difference in fat 
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characterised the 
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was high. ‘Mildly’ heated samples (Figure 7-6, Group 1) refer to those heated at 100–110 °C 
(up to 60 min), 120 °C (up to 30 min), and 130 °C (10 min). ‘Moderately’ heated samples 
(Figure 7-6, Group 2) are characterised by high quantitites of 2-furanmethanol. These 
‘moderately’ heated samples refer to those processed at 120 °C (for 60 min), 130 °C (30−60 
min), and 140 °C (10–30 min). The ’severe’ heat treatment (140 °C for 60 min) further 
induced the formation of furfural, pyrazine, and nonanal in skim milk. Thus, this ‘severely 
heated’ milk is isolated from other samples in the PCA plot (Figure 7-6). 
 
Figure 7-6. PCA plot for the volatile profile of reconstituted skim milk (10% w/w) subjected 
to heat treatments (100–140 °C) for up to 60 min. 
 The PCA plot of isothermal/isobaric treated skim milk contained five different groups 
(Figure 7-7). Group 1 and Group 2 refer to ’mildly’ and ‘moderately’ heated samples, which 
are the same samples as those in Figure 7-6. Skim milk subjected to ‘moderate’ heat 
treatments (Group 2) is separated from skim milk subjected to ‘severe HPTP’ (Group 3) 
because the former group contained higher amounts of pyrazine and furfural (Figure 7-4 A 
Group 2 
Group 1 
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and Figure 7-1 A, respectively). In contrast, Group 3 exhibited less pyrazine and furfural 
although the heating temperature and time were similar to those of Group 2. Thus, the 
reduced production of both compounds of Group 3 was possibly due to the application of 
high pressures. 
 
Figure 7-7. Spatial distribution of volatile profile of reconstituted skim milk (10% w/w) 
subjected to isothermal/isobaric treatments at 100–140 °C and 0.1–600 MPa for up to 60 
min. 
2-furanmethanol and 2-pentanone are the characteristic compounds formed in skim 
milk during HPTP (200–600 MPa at 120 °C for 60 min and 600 MPa at 130 °C for 30–60 min). 
The formation of 2-furanmethanol increased with increasing temperature and/or pressure 
(Figure 7-2), and therefore, 2-furanmethanol assisted the separation of Group 3 (Figure 7-7) 
from Group 2. The formation of 2-pentanone was also dependent on pressure (Figure 7-3 
B); thus, 2-pentanone also assisted the separation of Group 3 (with high pressure 
application) from Group 2 (without high pressure application). 
Both Group 4 and Group 5 (Figure 7-7) are characterised by high quantities of 
nonanal. Group 4 refers to skim milk subjected to ‘mild HPTP’ (200 MPa and 100 °C for 10–
60 min). This group, contained the highest nonanal concentration (0.035 mg/kg, graph not 
shown) compared to Group 3 (‘severe HPTP’) and Group 5 (‘moderate HPTP’). The 
Group 1 
Group 2 
Group 3 
Group 4 
Group 5 
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production of nonanal in Group 3 and Group 5 was below 0.02 mg/kg. The high 
concentration of nonanal of samples in Group 2 was possibly due to errors during 
measurement. In general, the formation of nonanal increased under high pressure (Figure 
7-5). 
7.4. Conclusions 
This study showed altered volatile profile of skim milk during HPTP. Five interesting 
trends describing the changes in volatile formation in isothermal/isobaric treated (100–140 
°C, 0.1–600 MPa, up to 60 min) skim milk (10% w/w) were identified. The representative 
compound for each trend (i.e., furfural, 2-furanmethanol, 2-pentanone, pyrazine, and 
nonanal) along with ethyl acetate were loaded to PCA. This PCA loading resulted in a clear 
spatial separation of heated milk and milk subjected to HPTP. Conventionally heated skim 
milk was characterised by high amounts of pyrazine and furfural. Milk samples subjected to 
HPTP (200–600 MPa and 100–120 °C up to 60 min) are characterised by nonanal and 2 
furanmethanol. Both nonanal and 2-furanmethanol formations were increased with 
increasing pressure (200–600 MPa). 2-Pentanone also assisted the separation of heated milk 
and milk subjected to HPTP. Its formation was hampered under pressure. This result is 
expected to give significance contribution in the development of HPTP for milk sterilisation. 
Further studies on the kinetics of these compounds can possibly help explaining the 
formation mechanisms under high pressure. 
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8.1. General Conclusions 
This work showed that the rheological behaviour and microstructure of dairy 
systems mixed with gelatin can be tailored by high pressure processing (HPP) depending on 
protein concentrations and process conditions (e.g., pressure, temperature, and time). 
When skim milk (20% skim milk powder) was mixed with gelatin (type B, 220 Bloom, 0.6% 
w/w) to form soft gels, the apparent viscosity of the mixtures increased following HPP at 
300 MPa for 15 min at room temperature. High pressure treatment of gelatin alone (0.6% 
w/w) at 300 MPa reduced its apparent viscosity and, thus, the observed viscosity increase in 
the binary system was probably due to aggregation of dissociated casein micelles with 
gelatin. Application of higher pressures (600 MPa, 15 min, room temperature) resulted in a 
reduced apparent viscosity of the binary mixture possibly because the gelatin network was 
further weakened. Mixtures containing less milk solids (≤10% w/w) showed reduced 
apparent viscosity after HPP (300 and 600 MPa). With the same gelatin concentration (0.6% 
w/w), these mixtures exhibited less protein aggregates. Thus, their reduced apparent 
viscosity was most likely a result from inadequate amount of disintegrated casein micelles. 
Mixed whey protein (5–20% w/w) and gelatin (type B, 225 Bloom, 5% w/w) gels 
retained gelatin continuity after HPP at two different initial sample temperatures (5 and 30 
°C). High storage moduli of the gels were produced when the binary systems were in a sol 
state and whey protein had enough free volume to aggregate during HPP (600 MPa for 15 
min) at initial sample temperature of 30 °C. Here, monodisperse whey aggregates were 
formed, with gelatin being the continuous phase. Low storage moduli of the mixed systems 
were produced when gelatin was in a gel state during HPP (initial temperature of 5 °C) 
which featured angular whey protein aggregates within the gelatin matrix. 
Colour change and proteolysis in skim milk was more pronounced during high 
pressure thermal processing (HPTP, 200–600 MPa, 100–130 °C, up to 60 min) compared to 
heat-only processing at the same temperature. The development of brown colour during 
HPTP was probably due to Maillard reactions and lactose degradation which occured 
simulteanously. Since conjugation between milk proteins/peptides with lactose appeared to 
be hampered during HPTP, the increased browning may be resulted from increased lactose 
degradation. Application of high pressure at high temperature possibly also leads to 
different protein folding and exposure of hydrophobic sites in caseins, and therefore, eases 
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the thermal hydrolysis of protein. HPTP also changed the composition and amount of 
generated volatile compounds from skim milk. For example, volatile profile of skim milk 
after HPTP (600 MPa, 120 °C, 1 h) was characterised by 2-furanmethanol and 2-pentanone 
whereas skim milk heated (120 °C, 1 h) at ambient pressure possesed high amounts of 
furfural and pyrazine. 
8.2. Future Works 
The increase of apparent viscosity of milk-gelatin mixture following HPP is an 
interesting finding for dairy industries. In order to increase their sale, dairy products should 
have a nice mouthfeel and thus, gelling agents such as gelatin, starch or gums are often 
added. However, there is increasing consumer demand for ‘natural’ and ‘ethical’ (e.g., 
faithful) products which impedes the use of additives to foods. HPP is promising to increase 
and/or stabilise viscosity of dairy products (i.e., yoghurts and desserts) with less or no 
additives. With no added gelling agent and being pressure treated instead of thermally 
treated, the products can also be labelled as ‘clean and natural’ and , thus, will increase the 
products’ market value. 
HPP can induce gelation of casein-rich systems (>7% w/w caseins). This casein gel 
can be used to produce soft cheese or can be turned to aged cheese by microbial cultures, 
which is free of added curding agents (i.e., rennet and acids). In ice cream manufacturing, 
HPP of ice cream premix results in ice cream with improved melting properties. This finding 
can be further explored, for example HPP for reducing/eliminating added stabilisers in ice 
cream. For all mentioned products, evaluation of the physicochemical stability of high 
pressure functionalised products during transportation and storage is necessary. 
New textural properties of whey protein and gelatin mixtures are produced by HPP. 
HPP can maintain the continuity of gelatin network, and thus, elastic gel is produced. The 
monodisperse whey protein aggregates increase the storage modulus of the binary gels, 
higher than that of the unpressurised systems. These properties cannot be obtained using 
traditional thermal processing. Whey protein governs the rheology of the binary systems 
which are thermally processed at ambient pressure, and therefore tough gels are produced. 
HPP facilitates the incorporation of whey protein in gelatin without sacrificing the final gels’ 
textural properties. This result is important for products which rely on elasticity of gelatin, 
such as soft confectioneries. Sugar (40−60% w/w) is oen added in so confecWoneries to 
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improve their thermodynamic stability. Possibly there is an opportunity to replace sugar by 
HPP functionalised whey protein in soft confections (e.g., gummy confectionary). The 
acceptable levels of whey protein incorporation in relation to sensory and textural 
properties should be investigated. Since whey protein is a potent source of food allergens 
(i.e., β-lactoglobulin), bio-assays have to be conducted to ensure product’s safety and to 
confirm the health benefit of the products. The possibility to use HPP for reducing 
allergenicity of whey protein and to improve its bioavailability in the final products is also 
interesting to explore. 
For future dairy-based product development using HPP, the applied pressure should 
be adequate not only to structure the products but also to pasteurise/sterilise them for 
ensuring food safety, and thus, a challenge test is suggested. In addition, flavouring is also 
required to create tasty products; therefore, further studies on the stability of flavour 
compounds under HPP are required. Ultimately, sensorial study is a must to seek the 
response of the future customers. 
This work also displayed accelerated proteolysis and Maillard reactions in skim milk 
subjected to HPTP. The derived kinetic models can be used to predict chemical changes 
during sterilisation using HPTP. In constrast to conventional sterilisation processes (i.e., UHT 
processing), the required process conditions to eliminate bacterial spores during 
sterilisation using HPTP is yet unknown. Shorter time and lower temperatures might be 
required to destroy bacterial spores under HPTP compared to conventional thermal 
processes. Thus, heat-induced changes in milk can possibly be minimised during HPTP. 
Following the progression of proteolysis and Maillard reaction in valuable dairy products 
(i.e., infant formula, enteral formula, and colostrum) and pharmaceuticals (i.e., medication 
infusions and vaccines) during HPTP is also of interest. These valuable dairy products and 
pharmaceuticals needs to be sterilised with minimum Maillard reactions to prevent loss of 
nutrients, toxic compounds, off-flavours, and discolourisation. Thus, HPTP can be explored 
to replace in-package conventional heat treatments (i.e., retort) to deliver sterile products 
with minimum side effects. 
Increased proteolysis during HPTP of skim milk was demonstrated by increased 
peptide formation. Subsequent research should further characterise the resultant peptides 
and their sugar conjugates. This characterisation will aid in developing knowledge on 
thermal proteolysis under high pressures. From a nutritional point of view, the resultant 
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peptides may have health benefits which need to be quantified through bio-assays or in-vivo 
studies. 
Finally, altered volatile profiles of skim milk are generated during HPTP. The profiles 
should be further explored by conducting olfactory studies. These studies will give a deeper 
understanding of consumer acceptance of dairy products prepared using HPTP. The overall 
odour of skim milk subjected to HPTP can be better perceived by consumers, and there is a 
possibility that milk sterilised using HPTP can be more appealing to consumers than, for 
example, UHT milk or in-bottle sterilised milk. The new volatile compounds, which possess 
pleasant odour can be extracted as valuable fragrant and used to improve the aroma of 
dairy products. By changing the matrices and/or varying the processing conditions, wide 
ranges of volatile compounds can be generated through HPTP. A database of volatile 
compounds along with the olfactory data could help in tailoring novel pleasant odorous 
compounds. These odorous compounds can be added to food products to improve their 
aromas and/or to mask undesired aromas, for example the cabbagy odour of UHT milk. 
 
